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Cytochromes of Muscles of Marine Invertebrates 


A. L. TAPPEL 


Department of Food Science and Technology, University of California, 


Davis, California 


Generalizations on the cytochrome pat- 
tern in the terminal electron transport 
chain of mitochondria are based primarily 
on spectral (Chance and Williams, ’56) 
and chemical isolation (Green, ’59) studies 
of heart and liver mitochondria of higher 
mammals. These studies lead to the form- 
ulation of an electron transport chain of 
the type shown below: 

Since the concentrations of cytochromes 
az, a, b, c and c: are similar and a chain 
of this type is compatible with kinetic 
data, it is the simplest formulation. How- 
ever, chemical studies suggest that the ar- 
rangement of the electron transport chain 
may be more complex. Spectral studies of 
the cytochromes in amphibian cardiac 
muscle (Ramirez, 59) show that the rela- 
tive concentrations of cytochromes as, a, 
‘b and c+ c; in intact muscle are similar 
to those of isolated mitochondria of the 
amphibian and higher mammals. 

_ There have been few quantitative stud- 
ies of the cytochromes of the electron trans- 
port chain in invertebrates; those on the 
fly being important exceptions. Sarco- 
somes of the flight muscle of the fly have 
the cytochromes ds, a, b and c occurring 
in about the same proportion as in higher 
mammals (Chance and Sactor, 58). A 
literature survey (Gumbmann et al., ’58) of 
the cytochromes and terminal electron 
transport in marine animals shows that 
existing information is very meager. In 
studies of the pathways of terminal respir- 
ation in marine invertebrates, Ghiretti- 
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Magaldi et al., (57, 58) and Ghiretti et 
al., (59) used difference spectra of par- 
ticulate preparations for qualitative identi- 
fication of cytochromes as, a, b and c. Fur- 
thermore, cytochrome as was shown to be 
the terminal oxidase by carbon monoxide 
inhibition and spectral studies, and cyto- 
chrome c of Aplysia was purified and 
found to be spectrally the same as mam- 
malian cytochrome c. Because many of 
the marine invertebrates have muscles con- 
taining little or no intermuscular pigments, 
like the myoglobin of mammals which in- 
terferes with direct spectral measurement 
of the intact cytochromes, they offer great 
advantages for study. 

This paper reports comparative spectro- 
photometric studies of the cytochromes of 
some crustaceans and bivalve mollusks. 
They are defined qualitatively by difference 
and low temperature spectra and measured 
quantitatively from difference spectra. 


MATERIALS AND METHODS 


The crustaceans used in this study were: 
blue crab, Callinectes sapidus; American 
lobster, Homarus americanus; and shrimp, 
Pandalus species. The bivalve mollusks 
were: eastern oyster, Gassostrea virginica; 
northern quahog clam, Mercenaria mercen- 
aria; and bay and sea scallop, Pectin ir- 
radians and Pectin magellanicus. These 
invertebrates were collected through com- 
mercial fisheries. All were alive at the 
time samples were taken, except shrimp 
which were obtained frozen and scallop 
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muscles which were obtained refrigerated 
and frozen. The crabs, lobsters, oysters 
and clams were sacrificed just prior to the 
measurement of difference spectra. After 
the crabs and lobster muscles and hearts 
were dissected out they were carefully 
washed with lobster Ringer solution. Mus- 
cles of crab and lobster were selected on 
the basis of apparent cytochrome content 
and size. For shrimp, the muscles were 
selected on the basis of availability and 
apparent cytochrome content. From the 
crab flexor muscle, the tan-colored muscles 
of highest cytochrome content were select- 
ed, dissected out, and cut into 1-mm slices. 
The tan-colored muscles highest in cyto- 
chrome content were dissected from the 
coxopodite of the 4 ambulatory legs of the 
lobster. They were either cut into 1-mm 
slices or homogenized and suspended in 
50% glycerol. The 50% glycerol suspen- 
sion of muscle homogenate proved useful 
because its high viscosity held the ground 
muscle in suspension and it also made 
the muscle preparation translucent. Mus- 
cle preparations in 50% glycerol were 
required for the measurement of low tem- 
perature spectra. Muscles from the basi- 
podite and endopodite of the pleopods of 
shrimp were pressed out and ground in a 
homogenizer in 50% glycerol. Oyster ad- 
ductor muscles were cut into 1-mm slices 
and some were homogenized and suspend- 
ed in 50% glycerol. Various other prepar- 
ations of oyster were made, especially from 
the mantle and gills. Clam adductor and 
foot muscles were cut into 1-mm slices. 
Scallop adductor muscles were pooled and 
then homogenized in 50% glycerol. 
The various muscles and muscle slices 
were mounted and gently compressed be- 
tween two perforated lucite plates as de- 
scribed by Ramirez (’59). This mounting 
left an uncovered cylinder of stretch mus- 
cle 5.5 mm diameter. The thickness of 
the muscle or muscle slice, between 0.3 
and 1 mm, was not completely uniform. 
The differences in light transmission were 
corrected by adjusting the amount of light 
reaching the phototube of the spectropho- 
tometer. For difference spectra, identical 
samples of muscle were mounted on the 
lucite plates which were contained in a 
1 cm cuvette holding appropriate Ringer’s 
solution. The two samples were first oxy- 
genated with pure oxygen gas and a base 
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line determined. Then one muscle sample 
was reduced using various reductants and 
the difference spectra of the muscle were 
obtained with a split-beam spectropho- 
tometer, as described by Chance (’54). 
Low temperature spectra of muscle homo- 
genate in 50% glycerol were recorded us- 
ing the apparatus and techniques de- 


scribed by Estabrook (’56). A temperature > 
of —190°C was maintained with liquid ni-— 


trogen. 
brated with cytochrome c. 
widths were about 0.5 mu. Because of the 
low cytochrome content of some of the 
muscles of marine invertebrates, plexiglass 
cuvettes with 3 mm optical paths were 
used as well as 1-mm cuvettes. This meth- 
od has previously been used for measuring 


The monochrometer was cali- 
Half band 


the low temperature spectra of the cyto- | 
chromes of mitochondria (Estabrook and | 


Mackler, 57); no difficulty was encoun- 


| 


tered using muscles homogenized in 50% © 


glycerol. 
RESULTS 


The cytochromes contained in these 


marine invertebrate muscles are qualita- | 


tively determined by difference spectra and 
low temperature spectra. The recording 
of low temperature spectra is the most se- 
lective method known for identification of 
cytochromes. There is peak sharpening 
and splitting at the low temperature and 
intensification, especially of the a peaks, 
due to multiple reflection of the samples 
in the microcrystalline state. 


in table 3. 


The concentrations are calculated using | 


the wave-length pairs and changes in mo- 


Difference - 
spectra which are typical of the best ob-. 
tained are given in figures. The peaks in. 
the difference spectra for many of the: 
samples examined are tabulated in tables | 
1 and 2. Cytochromes are identified by the: 
position of the a and y peaks in the room. 
temperature difference spectra and the: 
a, 6 and y peaks in the low temperature : 
spectra using the spectral characteristics | 
established for mammalian liver and heart : 
mitochondria where the cytochromes a,, 
das, b, c and c: have been most fully studied | 
(Estabrook and Mackler, 57; Chance and| 
Williams, 55; Chance and Baltscheffsky, , 
58). From the best difference spectra, ap-- 
proximate concentration of the respiratory ’ 
pigments are calculated and are recorded! 
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TABLE 3 


Concentrations of the respiratory pigments of marine invertebrates 


Muscle Sample size 


Crab flexor 

Lobster ambulatory leg 
Scallop adductor 
Oyster adductor 

Clam adductor 


2 crabs 

3 lobsters 

2 pools of 21 gm each 
pool of 10 oysters 

4 clams 


lecular extinction coefficients determined 
by Chance and Williams (’56). These are 
as follows: cytochrome a, 605-630 mu, 
16 cm™’* X mM”; cytochrome b, 564—575 
mu, 20 cm™* X mM"; cytochrome c, 550— 
540 mu, 19 cm™* X mM’; flavoprotein, 
465-510 mu, 11 cm™’ X mM"; and cyto- 
chrome a;, 445-465 mu, 91 cm™! X mM"! 
for the respiratory pigment, the pair of 
wavelengths used to measure absorbancy 
changes, and the changes in molecular 
extinction coefficients, respectively. Pres- 
ent knowledge of the cytochromes a is in- 
sufficient to resolve the problem of wheth- 
er there is one cytochrome, as; the termi- 
nal oxidase, or two cytochromes, a and as. 
Spectral studies by Chance and Yonetani 
~ (59) indicate two cytochromes, a and 4s, 
but isolation studies by Ambe and Venka- 
taraman (59) indicate a single cytochrome 
of the a type. For consistency with previ- 
ous spectral studies the cytochromes a will 
be treated assuming cytochromes a and as 
with the reservation that these two meas- 
urements may, in reality, be of one cyto- 
chrome. 

For comparative purposes the calculated 
concentration of flavoprotein is given in 
table 3. However, in this study specific 
qualitative tests for flavoproteins were not 
made. The occurrence of a minimum at 
465 mu in the difference spectra (tables 
1 and 2) is characteristic of flavoprotein. 
Riboflavin is found widely distributed in 
‘marine animals (Gumbmann et al., ’58). 
In addition, riboflavin and flavine adenine 
dinucleotide were found (Ghiretti-Magaldi 
et al., 58) in all the tissues of Octopus 
vulgaris so there are no reasons to doubt 
the presence of flavoproteins in the marine 
invertebrates examined here. The results 
tabulated in tables 1, 2 and 3, as well as 
those in the form of difference and low 


aS 
Respiratory pigments 
& moles/kg wet weight 
Cyt. Cyt. Fl 
yt. a Cyt. ag Cyt. b 2 Wes protett 
Tas) 8.7 ths} 4.8 19.0 
8.0 8.8 0.7 5.1 11.6 
(0.3) (0.3) RD) 1.8 5.5 
0.08 0.5 1.0 1.9 5.3 
(0.08 ) (0.8) 5.3 Sul 3.8 


temperature spectra, will be discussed for 
each invertebrate. 


Crab 


A typical room temperature difference 
spectrum of crab flexor muscle is shown in 
figure 1.. Qualitatively, this spectrum is 
very similar to difference spectra of mam- 
malian mitochondria and amphibian mus- 
cles. The large 604 mu peak corresponds 
to the a peak of cytochromes a+ as. The 
560 mu shoulder corresponds to the a peak 
of cytochrome b. The sharp 550 mu peak 
is the a peak of cytochromes c + c:. The B 
peak of cytochromes c + b is at 519 mu. 
The trough at 465 mu is characteristic of 
flavoproteins. The y peak at 443 mu cor- 
responds to that of cytochrome as. Because 
of the large concentration of cytochromes 
a+ as, their y peaks mask the y peaks of 
cytochromes b and c. The difference spec- 
trum of crab heart in figure 2 shows that 
it is qualitatively similar to flexor muscle. 
Unlike flexor muscle it does not have the 
high concentration of cytochromes a + ds 
compared to cytochromes b and c. Differ- 
ence spectra for crab flexor muscle and 
heart muscle were obtained on a number 
of samples under a variety of reducing con- 
ditions. The resolution in all cases was 
very good, and the peaks in the difference 
spectra are tabulated in table 1. The close 
correspondence of the peaks in the differ- 
ence spectra for various samples and meth- 
ods of reduction offers good checks on this 
qualitative identification. For the sample 
treated with carbon monoxide, the 426 mu 
maximum and the 445 mu minimum are 
characteristic of the carbon monoxide de- 
rivative of cytochrome 4s. 

Although room temperature difference 
spectra of crab muscle show sufficient defi- 
nition for a reasonable qualitative identi- 
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Fig. 1 Difference spectra of the cytochromes of crab flexor muscle. Sample reduced with 
succinate and Ne gas, reference oxidized with Oz gas, muscle slice 1 mm thick. 
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Fig. 2 Difference spectra of the cytochromes of crab cardiac muscle. Sample was anaero- 
bic, Nz gas; reference was aerobic, O2 gas. Muscle was 0.7 mm thick. 


fication, the best qualitative identification 
comes from low temperature spectra. The 
low temperature spectrum in figure 3 
shows very good definition for a direct de- 
termination on a muscle. The sharp peak 
at 602 mu is identified as the a peak of 


cytochromes a+ as. The sharp peak at 
548.8 mu is identified as that of cyto- 
chrome c, and is in the same position as 
that of heart muscle cytochrome c at 548.6 
mu. The smaller peaks are identified as 
those of cytochrome c; at 556 mu and cyto- 
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Fig. 3 Low temperature spectra of cytochrome components of crab muscle. Six-tenths 
gram of crab muscle in 4 ml 50% glycerol, optical path 1 mm, sample reduced with dithion- 


ite, reference in oxidized state. 


chrome b at 562 mu. The B peaks at 519 
mu and 528 mu correspond to those of cyto- 
chrome c and b,) respectively. Unusual 
definition is found in the y peaks where 
445 mu corresponds to cytochrome 4s, 432 
mu to cytochrome b, and 420 mu to cyto- 
chrome c:. Thus, this low temperature 
spectrum gives good qualitative evidence 
for the presence of cytochromes a + 4s, DAG 
and c: in crab muscle. 

The quantitative amounts of the respir- 
atory pigments in crab muscles were cal- 
culated from two good difference spectra 
like that shown in figure 1. As can be seen 
from the data in table 3 and the height of 
the peaks in figure 1, crab muscle con- 
tains a large amount of cytochromes a + 
a; and a relatively small amount of cyto- 
chrome b. 


Lobster 


The data obtained by measuring the dif- 
ference spectra of various lobster muscle 
preparations, using a variety of reductants, 
are shown in figures 4 and 5 and table: 1. 
By the same procedure used in qualitatively 
identifying the cytochromes of crab mus- 
cle, these difference spectra were compared 
to difference spectra for the known cyto- 


chrome components of mammalian liver 
and heart mitochondria. These data allow 
the identification of cytochromes a + 4s, b, 
and c. There is close correspondence be- 
tween the peaks maxima in the difference 
spectra, table 1. Carbon monoxide treat- 
ment of the lobster ambulatory leg and 
cardiac muscle gave good spectral evidence 
of the carbon monoxide derivative of cyto- 
chrome a; with a maximum at 426 mu 
and a minimum at 443-445 mu. 

The low temperature spectra of lobster 
muscle (fig. 6) shows good definition al- 
lowing the qualitative identification of cy- 
tochromes a+ as, b and c. Low tempera- 
ture spectra for cytochromes reduced with 
either succinate and dithionite show the 
600 mu peak of cytochromes a + ds the 
560 mu peak of cytochrome Db and 
the 548.6 mu peak of cytochrome c. 
There is also resolution of the 8 peaks 
of cytochrome c at 519 mu and of 
cytochrome b at 528 mu. No spectral evi- 
dence was found for the occurrence of cy- 
tochrome ¢: in lobster. This cytochrome is 
either absent or present in such low quan- 
tity that its « peak is obscured by the 
a peaks of cytochromes c and b. The con- 
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Fig. 4 Difference spectra of cytochromes of lobster ambulatory leg muscles. Five grams 
of lobster muscle in 20 ml 50% glycerol, sample reduced with succinate, reference oxidized 


with O, gas, optical path 10 mm. 
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Fig. 5 Difference spectra of the cytochromes of lobster cardiac muscle. 
anaerobic, N2 gas; reference was aerobic, O2 gas. Muscle was 0.3 mm thick. 


tent of cytochrome as is so large that only 
its peak (445 mu) is found. 

From three difference spectra like that 
shown in figure 4 the concentration of the 
respiratory pigments in the ambulatory 
leg of lobster was calculated and the re- 
sults are shown in table 3. As can be seen 
in the difference and low temperature spec- 
tra the similarities in the composition and 
concentration of respiratory pigments in 
lobster and crab muscles are striking. Lob- 
ster, like crab, has very high cytochromes 
a + as relative to b and c. The cytochrome 
b content is only one tenth that of the 
cytochromes a+ds. Comparison of the 
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550 600 on 


Sample was 


difference spectra in figures 4 and 5 shows 
that lobster leg muscle has a higher pro- 
portion of cytochromes a+ as; (603-605 
mu) than does cardiac muscle. 


Shrimp 


The difference spectrum of the cyto- 
chromes of shrimp pelopod muscles in 
figure 7 indicates the occurrence of cyto- 
chromes a+ ds, as shown by the height 
of the 603 mu peak, and the relatively high 
concentration of cytochrome b indicated 
by the 560 mu peak which is equal to the 
550 mu peak of cytochrome c. These char- 
acteristics were consistent in all of the 
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Fig. 6 Low temperature spectra of cytochrome components of lobster muscle. 
Curve B, reduced with dithionite. 


A, reduced with succinate. 


Curve 
Two grams lobster muscle 


in 12 ml 50% glycerol, optical path 1 mm, reference cuvette contained lobster muscle in 


oxidized state. 
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Fig. 7 Difference spectra of cytochromes of shrimp pleopod muscles. 


About 0.1 gm of 


shrimp muscle in 5 ml 50% glycerol, sample reduced with dithionite, reference oxidized with 


O, gas, optical path 10 mm. 


samples of pooled muscle which were stud- 
ied (table 1). The spectral characteristics 
of the carbon monoxide treated sample 
(table 1) are evidence for the occurrence 
of cytochrome 4s. 

The low temperature spectra (fig. 8) of 
shrimp muscle show good resolution in the 


a region. A high content of cytochromes 
a + ds is indicated by the high peak at 599 
mu. Cytochrome c is identified by its char- 
acteristic peak at 548.5 mu and cyto- 
chrome c: by its characteristic peak at 
554 mu. Judging by the a peaks at 558 mu 
and 563 mu there are two cytochromes 
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Fig. 8 Low temperature spectra of cytochrome components of shrimp muscle. Optical 
path 1 mm, sample reduced with dithionite, reference in oxidized state. 


of the b type. The one which is spectrally 
most similar to the cytochrome b of mam- 
mals is that which has a large peak at 558 
mu and a 8 peak at 528 mu. Presumably, 
it is a different cytochrome of the b type 
that has an a absorption peak at 563 mu, a 
B peak at 536 mu and a y peak at 439 mu. 
From these data one cannot identify this 
cytochrome, and this problem remains to 
be resolved until purification and further 
characterization can be achieved. The 
concentrations of these respiratory pig- 
ments in the muscles of shrimp were not 
computed because the sample size was not 
large enough for reliable estimates. The 
difference spectra of shrimp show that the 
cytochromes a+ ds are present in larger 
amounts than the cytochromes c, c: and b. 


Scallops 


A typical difference spectrum of the cy- 
tochromes of scallop adductor muscle is 
shown in figure 9. It is apparent from this 
difference spectrum and the characteristics 
of the other difference spectra of scallop 
muscle (table 2) that this muscle contains 
cytochromes a, b and c. The high concen- 
tration of c usually obscures the a peak 
of cytochrome b so that it shows up as a 


slight shoulder in the a region. In the y | 
region the absorbance peak is mainly that 
of b; the small amount of a not being ap-— 
parent. The quantitative results on respir- 
atory pigments of scallops (table 3) show — 
this high concentration of c +c: and b> 
with the low calculated concentration of | 
cytochromes a + as. The occurrence of cy- 
tochromes c, c: and b with spectral char- 
acteristics similar to that of the cyto- 
chromes in mammalian mitochondria was 
confirmed by low temperature spectra, as 
shown in figure 10. The a peaks of cyto- 
chrome c at 548.5 mu, of cytochrome ¢: 
at 555 mu and of cytochrome b at 560 mu 
are clearly seen. Beta peaks for cyto- 
chromes b and c are shown at 529 and 518 
mu, respectively. The 433 mu maximum 
in the y region is probably that of cyto- 
chrome b. 

The low temperature spectra of scallop 
muscle show some unusual characteristics. 
Firstly, the absorbance at 610 mu must 
correlate with the difference spectrum ab- 
sorbance of 606 mu and this pigment would 
be classified as a cytochrome of the a type. 
That this may not be a cytochrome of the 
a type similar to that occurring in mam- 
mals is shown by the maximum 610 mu 


tale 


CYTOCHROMES OF MARINE INVERTEBRATES 12 


ae oe +.02 
= 
= i 
cS 5 
= -~ 
= = 
= = 
ce = 
eee Lola 
= S 
aa = 
S > 
= 2 
2 a 
S 0) ay ces 
rae} Oo 
= 2 
<= 


-.04 -.01 
450 500 550 600 
WAVE LENGTH, mz 


Fig. 9 Difference spectra of cytochromes of scallop adductor muscle. Twenty-three grams 
of scallop muscle in 50 ml 50% glycerol, sample reduced with dithionite, reference in oxi- 
dized state, optical path 10 mm. 
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of the low temperature spectrum and the 
maximum and minimum peaks of the car- 
bon monoxide compound (table 2) occur- 
ring at 412 mu and 433 mu. Secondly, 
another pigment which cannot be identi- 
fied completely is that which gives rise to 
the absorbance at 565 mu in the low tem- 
perature spectrum. Presumably this is 
another cytochrome of the b type besides 
the cytochrome b with maximum absorp- 
tion at 560 mu. 


Oysters 


Difference spectral studies of the cyto- 
chromes of oyster adductor muscle and 
other tissues (fig. 11 and table 2) show 
one a peak at 550 mu to 556 mu and one 
y peak at 420 to 430 mu. This indication 
of the occurrence of cytochromes c and b 
from difference spectra is reinforced by 
the more positive identification by low 
temperature spectrum (fig. 12). In the low 
temperature spectrum there is a major 
peak at 560 mu of cytochrome b, and cyto- 
chrome c shows up as a minor peak at 
548.6 mu. Beta peaks for cytochrome b 
and c are also present at 526 and 518 mu, 
respectively. As can be seen from the dif- 
ference spectrum and the low temperature 
spectrums the concentrations of cyto- 
chromes a + as; is small. Also, the absorp- 
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tion characteristics of the carbon monoxide 
derivatives are different from those of the 
carbon monoxide derivative of the classi- 


cal cytochrome as. Of the variety of oyster 


tissues examined, the adductor muscle was 
chosen as the best for measurement of the 
absorption spectra of cytochromes because 
it contains little other pigmentation. Also, 
it was most useful for comparison with 
scallop and clam adductor muscles. The 
concentration of respiratory pigments are 
shown in table 3; there is a low concentra- 
tion of the cytochromes a + as relative to 
b and c. There is considerable similarity 
between oyster and scallop adductor mus- 
cle. 
Clams 


Of the bivalve mollusks examined, the 
clams presented the most difficulty because 
of their bright-pink pigmentation. From 
the characteristics of the difference spec- 


tra shown in figure 13 and table 2 the oc- | 


currence of cytochromes c and b can be. 


inferred from the maxima of the a and the 
y peaks. Cytochrome b can be identified 
in the low temperature spectrum (fig. 14) 
with maximum at 562 mu. 
strong evidence for the occurrence of cyto- 
chromes a + as since there is no maximum 


There is no. 


absorption in the 600 mu region in the | 
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Fig. 11 Difference spectra of cytochromes of oyster adductor muscle. Nine grams oyster 


muscle ground in 28 ml 50% glycerol, sample red 


state, optical path 10 mm. 
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Fig. 12 Low temperature spectra of cytochrome components of oyster muscle. Nine 
grams of oyster muscle in 28 ml 50% glycerol, optical path 3 mm, samples reduced with 
dithionite, reference in oxidized state. 
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Fig. 13 Difference spectra of clam adductor muscle. Sample reduced with succinate and 
N, gas, reference oxidized with O2 gas, muscle slice 1 mm thick. 
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Fig. 14 Low temperature spectra of clam mus- 
cle. Three grams of clam muscle in 16 ml 50% 
glycerol, optical path 3 mm, sample reduced with 
dithionite, reference in oxidized state. 


difference spectrum (fig. 13) or the low 
temperature spectrum (fig. 14). The po- 
sitions of the carbon monoxide maximum 
and minimum are similar to those of oys- 
ter and scallop. The concentrations of the 
respiratory pigments show in table 3 that 
the cytochromes b and c are high while the 
calculated concentration of cytochromes 
a+ as is low. 


DISCUSSION 


Qualitative identification of the positions 
of the peaks in the low temperature spectra 
appeared to be the best method for identi- 
fying cytochromes as + a, b, c and c: since 
the positions of absorbance maxima are 
available for these known cytochromes in 
mammalian mitochondria. From the large 
peaks and their positions shown in figures 
3, 6 and 8, we can be reasonably certain 
that the three crustacea examined have 
the cytochromes a+ as, b, c and c: with 
the exception that lobster has a very small 
amount or no c:. Identification of cyto- 
chromes cannot be so clearly made in some 
of the bivalve mollusks. In the scallop 
(fig. 10) cytochromes b, c and c: can be 
identified. In the oyster (fig. 12) b is 
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clearly seen, and there is spectral evidence 
for c and a+ as. Heretofore, the occur- 
rence of cytochrome c in oyster tissues 
has remained in doubt. Kawai (’58) found © 
evidence of cytochrome b in oyster by low 
temperature visual spectroscopy. He also 
obtained cyanide and carbon monoxide in- 
hibition evidece for the occurrence of cyto- 
chromes das. He was unable to find evi- 
dence for occurrence of cytochrome c. 

The low temperature spectral method is 
a good technique for screening for cyto- 
chromes different from those which nor- | 
mally occur in mammalian mitochondria, 
but not for their identification, since there 
has been insufficient low temperature spec- 
tral studies on most of the other cyto- 
chromes. Thus, the low temperature spec- 
trum of shrimp (fig. 8) has unassigned 
peaks at 563, 536 and 439 mu probably 
corresponding to a cytochrome of the b 
type. The low temperature spectral study 
of the cytochromes of scallop muscle gave — 
unassigned peaks at 610 and 565 mu which | 
appeared to correspond to a cytochrome | 
of the a and of the b type, respectively. | 
Further spectral and chemical character- - 
ization of these cytochromes is needed be- . 
fore they can adequately be identified. The 
cytochromes found here, which correspond | 
to those normally found in muscle mito- 
chondria, appear to be members of the 
electron transport systems in the mitochon- | 
dria of these invertebrate muscles. 

Evidence for this is our knowledge of 
the cytological locations of cytochromes, | 
being in the mitochondria, of muscle cells 
and of kinetic studies on the cytochromes 
in intact muscles. The reduction by ana-_ 
erobiosis and/or with succinate shows that | 
the cytochromes respond as would be ex- 
pected for members of electron transport | 
systems in the mitochondria. 

These are the most divergent cytochrome 
patterns found in animals. Whereas the | 
mitochondria and muscles of higher mam- 
mals have cytochromes with ratios of their | 
concentration near unity, these marine in- 
vertebrates have very different composi- 
tions. Lobster and crab have a low cyto- 
chrome b content compared to cytochromes 
a-+ds and c. Scallop and oyster have a 
very low content of cyytochromes of the a. 
type compared to cytochromes b and c. The | 
relative concentration of cytochrome b is | 
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specially interesting since the function of 
-ytochrome b is less understood than that 
of cytochromes a + as,c and c:. Presently, 
>ytochrome b is considered not to be on the 
main pathway of electron transport. The 
relatively large amount of cytochromes a 
+ as in lobster and crab act as a reservoir 
of oxidizing equivalents, and may be im- 
portant in crustacea which have no other 
apparent reservoir of oxidizing equivalents 
in the muscle other than the oxygen 
brought in by the circulating hemocyanin 
of the blood. 

The unusual composition of relatively 
high amounts of cytochromes b and c com- 
pared to cytocromes a + ds makes oysters, 
scallops and clams interesting for further 
studies; however, the relatively low total 
cytochrome content makes direct measure- 
ments difficult. On the basis of this study, 
scallops appear to be an invertebrate of 
choice for further study because of their 
relatively high content of cytochromes b 
and c, the presence of unidentified cyto- 
chromes of the a and b type, and the avail- 
ability of large quantities of scallop mus- 
cle. 

SUMMARY 

The cytochromes of muscles of marine 
invertebrates have been studied by direct 
spectral measurements at liquid nitrogen 
and room temperatures. Qualitative and 
quantitative measurements allowed com- 
parison of the cytochromes of invertebrate 
muscle mitochondria with the more in- 
tensively studied mammalian mitochon- 
dria. The marine invertebrates showed the 
most divergent cytochrome patterns thus 
far found in animals. 

“Low temperature spectra show the pres- 
ence of cytochromes a+ as, b and 6 in: 
lobster, crab and shrimp. Cytochrome C: 
was found in crab and shrimp but not in 
lobster. Lobster and crab have a low cyto- 
chrome b content compared to cytochromes 
a+d; and c, and the content of cyto- 
chromes a + a; is relatively high compared 
to cytochrome c. 

The bivalve mollusks, scallops, oysters 
and clams had low total concentrations of 
cytochromes with: the concentrations of a 
+as; being very low compared to b and c 
+c: Improved resolution of the cyto- 
chromes of oyster by low temperature 


125 


spectra showed the presence of cytochrome 
c, which could not be found in previous 
investigations. 
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Phosphatase’ on the Stromata of Rabbit 


Erythrocytes’ 
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Several authors have proposed “carrier 
mechanisms” for sugar transport in hu- 
man erythrocytes (Le Fevre, °54; Wil- 
brandt, 54; Widdas, 52) and in rabbit 
erythrocytes (Park et al., 56). Although 
the proposed site of interaction of mem- 
brane and sugar has not been identified, 
some of its properties are known, i.e., phlo- 
retin and phloridzin act as competitors 
with sugar for the carrier in human ery- 
throcytes according to Le Fevre (54). 
While studying the properties of a phospha- 
tase of rabbit erythrocyte stromata with 
adenosine triphosphate as substrate, it was 
determined that phloretin, phloridzin, and 
glucose inhibit the phosphatase activity. 
‘There is a similarity between the inhibitory 
capacities of these substances as measured 
in these investigations and their relative 
affinities for the “carrier” as measured by 
Le Fevre (’54). 


METHODS 


Preparation of stromata. Blood was ob- 
tained from rabbits by heart puncture and 
defibrinated with glass beads. The cells 
were washed three times with approxi- 
mately 10 times their volume of 1% so- 
dium chloride solution. The buffy coat and 
top layers of red cells were discarded. The 
hematocrit was determined by centrifuging 
-a sample at 3000 rpm for 30 minutes. The 
cell suspension was then adjusted to a 
hematocrit of 40%. The erythrocytes were 
lysed by alternate freezing and thawing 4 
times with dry ice and a water bath at 
37°C. The hemolysate was centrifuged 
for 30 minutes at 6000 rpm at 4°C in a 
Serval refrigerated centrifuge after addi- 
tion of 15 times its volume of 0.9% NaCl. 
The stromata were washed 4 times in this 
manner and the final volume adjusted to 


that of the initial whole hemolysate (40% 
hematocrit). Stromata were stored at 
— 12°C and were used one or two days 
after preparation. 

Determination of enzymatic activty. 
The enzymatic activity was studied in 3 ml 
of a solution containing 0.035 M glycyl- 
glycine adjusted to pH 7.40 + 0.02 with 
NaOH, 0.0067 M MgCh, 0.1 M NaCl, 0.1 ml 
stromata or 0.1 ml 0.9% NaCl and 0.413 
mM adenosine triphosphate (sodium salt). 
All components except stromata and sub- 
strate were mixed first. The stromata were 
added to this mixture and the tubes 
(handled and timed individually) were 
placed in a water bath at 37°C for 10 min- 
utes (as in Herbert, 56). After this pre- 
liminary incubation, the substrate was 
added. The reaction was stopped by the 
addition of 6 ml of cold 12% trichloracetic 
acid solution. Inorganic phosphate was de- 
termined by the method of Fiske and 
SubbaRow (25). All determinations were 
made in duplicate. 


RESULTS 


The rate of liberation of inorganic phos- 
phate from adenosine triphosphate was 
constant for the 32 minute time period 
studied (fig. 1) and hence experiments 
with inhibitors were carried out for 20 to 
30 minutes. In figure 2 the percentage in- 
hibition is shown as a function of phlore- 
tin, phloridzin, and glucose concentra- 
tions. Phloretin is relatively insoluble in 
water and was first dissolved in ethanol. 


1The specificity of this enzyme and its mech- 
anism of action have not been determined. It 
shall be referred to as phosphatase throughout 
this study. 

2 This work was supported by funds from the 
Research Committe of the University of Cali- 
fornia at Santa Barbara. 
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Fig. 1 The liberation of inorganic phosphate 


from adenosine triphosphate (0.413 mM/1) by 
0.1 ml rabbit erythrocyte stromata (recovered 
from 0.1 ml intact erythrocytes of 40% hemato- 
crit ). 


The concentration of ethanol in the test 
solutions was 0.25% and ethanol did not 
affect the enzymatic activity in this 


amount. 
DISCUSSION 


The relative affinities of phloretin, phlo- 
ridzin, and glucose for the “sugar carrier” 
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have been calculated by Le Fevre (’54) for 
the human erythrocyte. Of the three, phlo- 
retin has the greatest affinity (1800 times 
that of sugar) and phloridzin is intermedi- 
ate (70 times that of sugar). The concen- 
trations of these substances producing 50% 
inhibition in the present investigations are 
3.5 X 10-* M phloretin, 6 X 10-* M phlo- 
ridzin, and 6 X 10-*M glucose. To produce 
the same effect (50% inhibition), the con- 
centrations of glucose must be 1700 times 
as great as phloretin and 100 times as 
great as phloridzin. The affinities for the 
carrier and the affinities for the enzyme 
are of the same order of magnitude. Pene- 
tration of sugar through the membrane 
may require attachment to sites on this 
enzyme. It is suggested that the enzyme 
molecules are “non-mobile components” of 
the membrane which serve as a series of 
sugar adsorbing sites through the mem- 
brane (the polar “creep” hypothesis of 
Bowyer and Widdas, ’56). Phosphatases 
are present at the surface in proximal kid- 
ney tubule cells and intestinal mucosa 
(Danielli, 52) and in human erythrocytes 
(Herbert, 56) and could have a similar 
function in these locations. 
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phloridzin and glucose. Note changes in abscissa. 


INHIBITION OF STROMA PHOSPHATASE 


Adenosine triphosphate does not appear 
© be necessary for sugar penetration in 
rabbit or human erythrocytes, for entrance 
will occur while glycolysis is inhibited with 
iodoacetic acid or sodium fluoride (Le 
Fevre, 54; Laris, 58). Hydrolysis of ad- 
snosine triphosphate would not be neces- 
sary according to the mechanism pre- 
sented here and, in fact, adenosine tri- 
phosphate could slow down penetration by 
competing with sugar. In this connection 
it is interesting to note that Wilbrandt 
(54) has reported that adenosine triphos- 
phate does inhibit glucose penetration in 
human erythrocytes. 

Phloridzin and phloretin also inhibit 
movement of phosphate (P*”) into human 
red cells (Harris and Prankerd, ’58). The 
inhibition of phosphate uptake could be 
accomplished through the inhibition of 
this enzyme since Gourley (52) has pro- 
posed that penetration of phosphate in- 
volves the formation and hydrolysis of ad- 
enosine triphosphate. 


SUMMARY 


Phloretin, phloridzin, and glucose inhi- 
bit the hydrolysis of adenosine triphosphate 
by an enzyme on the rabbit erythrocyte 
stroma. Implication of these inhibitory 
effects are discussed in relation to sugar 
permeability. 
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The negative after-potential of the cock- 
roach giant axon is greatly augmented and 
prolonged by the treatment with DDT. 
When the DDT-poisoned axon is in con- 
tact with potassium-free Ringer’s solution, 
the negative after-potential is further aug- 
mented showing a plateau during its de- 
clining phase (Narahashi and Yamasaki, 
60). Action potentials having a plateau 
during their declining phase are well 
known in various nerves and muscles, e.g., 
normal cardiac muscle (Cranefield and 
Hoffman, 58a; Weidmann, ’57), and squid 
giant axons, nerve cells of Onchidiwm and 
frog spinal ganglion cells each treated with 
tetraethylammonium (TEA) (Tasaki and 
Hagiwara, 57; Hagiwara and Saito, ’59; 
Koketsu, Cerf, and Nishi, 59). Attempts 
were made to explain these plateaus in 
terms of ionic conductances (Shanes, ’58b; 
Weidmann, ’57). 

The increase and prolongation of the 
negative after-potential by DDT have been 
demonstrated to be explicable by a delay 
and partial suppression of the rise in po- 
tassium conductance which accelerates the 
falling phase of the action potential ( Nara- 
hashi and Yamasaki, 60). However, since 
that study was mainly concerned not with 
the plateau but with the increased nega- 
tive after-potential in the initial stages of 
DDT poisoning, the mechanism of the 
plateau formation and behaviors of the 
membrane potential in the later stages of 
DDT poisoning remain to be seen. Anal- 
yses are therefore extended to the present 
study, which is mainly concerned with be- 
haviors of the membrane potential in the 
DDT-poisoned cockroach axons having the 
ability to give rise to action potentials 
with a plateau. 


METHODS 


The giant axons of the cockroach, Peri- 
planeta americana L., were used through- 


out the experiments. The methods of 
stimulation, recording, perfusion, Ringer’s 
solution, and DDT application were the 
same as those described previously (Nara- 
hashi and Yamasaki, 60). Concentration 
of p,p’-DDT was always 10-* M. The DDT- 
poisoned axons were further treated with 
potassium-free Ringer’s solution unless 
otherwise stated. Potassium-free Ringer’s 
solution was prepared by replacing K by 
Na. All the experiments were conducted 
at room temperatures ranging from 16.5 
to 26.5°C. 

As described previously, the negative 
after-potential increases progressively after 
treatment with DDT, attains a maximum 
height, and eventually begins to decrease 
(Narahashi and Yamasaki, 60). There is 
in the course of this poisoning a brief 
period during which repetitive responses 
can be induced by a single shock. The 
time course of DDT poisoning can be 
divided into 4 stages: The period from 
the beginning of the increase in negative 
after-potential to the end of repetition 
(stage I); from the end of repetition to 
the maximum negative after-potential 
(stage II); from the beginning of slowing 
of the rate of fall of the spike potential to 
the beginning of decrease in negative after- 
potential (stage III); the period of marked 
decrease in negative after-potential (stage 
IV) (Narahashi and Yamasaki, 60). The 
present experiments were made on the 
DDT-poisoned axons in the stages from 
the end of the stage II to the stage IV, un- 
less otherwise stated. 


RESULTS 


Lowering of critical depolarization and 
threshold current 
The potential at the inflection point be- 
tween the catelectrotonic potential and the 
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action potential when the threshold cur- 
rent was applied was taken as a measure 
of critical depolarization. During the pe- 
riod from the end of stage II to the stage 
III the critical depolarization was greatly 
reduced. Example of such a record is 
shown in the bottom of figure 1. In this 
particular case the critical depolarization 
amounted to 7 mv. The values were usu- 
ally of the order of 5-14 mv, as against 
the normal mean value of 22 mv (Yama- 
saki and Narahashi, ’59b). The threshold 
current was also reduced; this value varied 
considerably from fiber to fiber, being 1.4— 
1.8 X 10-° a. in one case and 7.5—25.6 X 
10~ a. in another case, as against the nor- 
mal mean value of 44.2 X 10~° a. (Yama- 
saki and Narahashi, ’59b). Since the rest- 
ing potential undergoes little change (Na- 
rahashi and Yamasaki, 60), it can be 
stated that the membrane potential at 
which the action potential is fired is raised 
by DDT. 

In the last stage of poisoning (stage IV), 
the critical depolarization was restored to- 
ward the normal level. 


Anode break excitation 


Anode break excitations were easily 
elicited in the DDT-poisoned axons dur- 
ing the stages II, III and IV. The median 
record of figure 1 is a superimposed pho- 
tograph of 4 responses induced by the 
same intensity of anodal current. Two of 
them failed to fire propagated action po- 
tential, and only produced small graded 
response which will be described later. 
Small hyperpolarization was sufficient for 
anode break excitation. Figure 2 clearly 
indicates that the current that failed to 
produce action potential when applied 
cathodal direction was effective in produc- 
ing action potential when applied anodal 
direction. 


Graded response 


In the giant axons of the cockroach, 
graded response is invariably observed 
with subthreshold cathodal current (Yama- 
saki and Narahashi, ’59b). When poisoned 
with DDT, these became much more con- 
spicuous and were also observed on break 
of anodal current. This effect of DDT be- 
came more marked with the advance of 
time after treatment. 
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Fig. 1 Action potentials induced by a singlk 
shock applied to the end of the nerve prepara 
tion (top record), by pulses of anodal curren 
applied to the point of recording (median super 
imposed record), and by a pulse of cathodal cur 
rent applied to the point of recording (botton 
record) in potassium-free DDT solution; 122-13! 
minutes after treatment with DDT. Spike po 
tentials are too large to be recorded. Tempera 
ture 26.5°C., 


Figure 2 shows the graded responses a: 
induced both by cathodal and by anoda 
currents of various intensities. The gradec 
responses, being much prolonged, could be 
seen with very weak cathodal and anoda 
currents. A depolarization or hyperpolari 
zation as small as about 3 mv was suffici 
ent for the graded response to be induced 
This value is much smaller than the de 
polarization needed for the graded respons 
in the normal axons which is of the orde 
of about 10 mv (Yamasaki and Nara 
hashi, ’59b). The height of the graded re 
sponse increased with raising the curren 
intensity, the increase being more market 
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Fig. 2 Graded responses on make of cathodal current (column A) and on break of 
anodal current (column B) in potassium-free DDT solution; 290 minutes after treatment 
with DDT. The intensity of current is raised from the top to the bottom records, and is 
the same in the same row of A and B. A spike potential is induced in the bottom record 
of B, but is too large to be recorded. Temperature 18°C. 


vith anodal current than with cathodal 
urrent. Its rate of rise also increased with 
aising the current intensity, whereas the 
ate of fall increased to a lesser extent. 
The full size graded response, when at- 
ained a critical level, gave rise to a spike 
potential which declined with a similar 
ime course as that of the graded response. 

Thus, the differences in graded response 
yetween the normal and the DDT-poisoned 
ixons can be summarized as follows: (a) 
he graded responses are observed in the 
yoisoned axons with much weaker current 
han in the normal axons; (b) they can be 
bserved with both cathodal and anodal 
urrents in the poisoned axons, whereas 
nodal current is ineffective in the nor- 
nal axons; (c) the time course is much 
nore prolonged in the poisoned axons than 
n the normal axons. 

The graded responses observed with the 
YDT-poisoned axons well resemble those 
bserved with cardiac fibers in normal 
ind in low calcium conditions in that the 
ize depends on the stimulus intensity, 
hat the rate of rise is slow and the shape 
s rounded with weak stimuli, and that 
he shape resembles the action potential 
vith stronger stimuli (Hoffman and Suck- 


ling, 56; Hoffman, Kao, and Suckling, ’57; 
Kao and Hoffman, ’58). 


Spontaneous excitation 


Some of the DDT-poisoned axons show- 
ing low threshold discharged propagated 
impulses spontaneously. Records of the ac- 
tion potential induced spontaneously and 
by a single stimulus are illustrated by fig- 
ure 3. The artificially induced action po- 
tential (top record ) arose abruptly from the 
resting level, whereas the spontaneous one 
(median and bottom records) was _ pre- 
ceded by a gradually rising slow potential. 
No difference in configuration was ob- 
served between them except for the pre- 
potential. On some occasions the graded 
potentials similar to those induced by 
polarizing current were observed without 
any stimulation. This fact may imply that 
as in the artificially induced graded po- 
tentials the spontaneous graded potentials 
give rise to propagated action potentials 
when attaining a certain critical level. 

It is interesting to note that the pre- 
potentials are usually seen in cardiac and 
skeletal muscle fibers when spontaneously 
active (Biilbring, Holman, and Lullman, 
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Fig. 3 Action potentials induced by a single 
shock applied to the end of the nerve preparation 
(top record), and induced spontaneously (med- 
ian and bottom records) in potassium-free DDT 
solution; 145-152 minutes after treatment with 
DDT. Spike potentials are too large to be re- 
corded. Temperature 26.5°C. 


06; Hoffman and Suckling, ’56; Weid- 
mann, 751). 


Abolition of the action potential by 
anodal current 


Figure 4 is the record showing the 
effect of brief pulses of anodal current 
with various intensities delivered at a fixed 
instant during the plateau of the action 
potential. On cessation of weak anodal 
current, the membrane potential returned 
nearly to the potential level which would 
have been attained if the anodal current 
had not been delivered (second record in 
A). However, with raising the current in- 
tensity, the membrane potential, on cessa- 
tion of the current, attained a new level 


which was lower than that expected from 
the normal declining phase (third record 
in A). With further increase in current 
intensity, the membrane potential was sud- 
denly brought to the resting level on ces- 
sation of the current (bottom record in 
A). When the intensity of current was 
raised beyond this level, a graded response 
was set up on cessation of the current (top 
and median records in B). A propagated 
action potential was fired from the graded 
response when the current intensity was 
further raised (bottom record in B). 

The present experiments were made 
with capillary microelectrodes inserted 
transversely into the axon. Under the 
condition any potential changes occurring 
at the point of impalement would spread 
electrotonically along the axon. Likewise, | 
the potential changes originating in the 
neighborhood of the impalement would | 
partly be recorded. For these reasons it 
is impossible to estimate the absolute | 
value of the critical potential for abolition | 
or abolition threshold by the present tech- 
nique. However, the relative value for the 
threshold during the time course of the) 
plateau could be estimated by applying) 
various intensities of anodal current at. 
several instants of the plateau. Figure 5) 
shows such records. It will be seen that. 
greater hyperpolarization was needed for. 
abolishing the plateau when applied to) 
earlier phase. 

These changes in abolition threshold in| 
the DDT-poisoned axons are in agreement | 
with those estimated in the single node of | 
the bullfrog or the toad (Tasaki, 56) and/| 
in the TEA-treated squid giant axons! 
(Tasaki and Hagiwara, °57). 

Abolition of the action potential by ano-: 
dal current is also well known in heart! 
muscle. Cranefield and Hoffman (’58b)| 
pointed out the difference between cardiac: 
muscle and Purkinje fibers in response to| 
anodal current: In cardiac muscle fibers; 
weak anodal current applied during the! 
plateau causes an abolition, whereasi 
stronger anodal current causes a break; 
excitation; in Purkinje fibers the reverse} 
relation is held, weak current causing ai 
break excitation and stronger current caus-; 
ing an abolition. : 
Both types are actually observed in the! 
DDT-poisoned axons, the former type be-: 
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; Fig. 4 Abolition of the plateau by anodal current and anode break excitation in potas- 
sium-free DDT solution; 165 minutes after treatment with DDT. The anodal current is 
delivered at a fixed instant during the plateau and increased in intensity from the second 
record in column A. to the bottom record in column B. The top record in A is an action 
potential without superimposed anodal pulse. Spike potentials are too large to be recorded. 


Temperature 16.5°C. 
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Fig. 5 Changes in abolition threshold during the plateau in potassium-free DDT solution; 
145 minutes after treatment with DDT. In each column, anodal current is delivered at a 
fixed instant and increased in intensity from the top to the bottom records. The current 


~ intensity is not the same in the same row of each column. 


to be recorded. Temperature 16.5°C. 


ing seen in figure 4 and the latter in figure 
5. These two types may be explained as 
follows: The abolition threshold is lowered 
toward the end of the plateau. The thres- 
hold for anode break excitation also 
changes during the plateau, as will be de- 
scribed in the subsequent section. These 
two threshold values would determine the 
order by which these two phenomena oc- 
curred successively as stimuli with increas- 
ing intensities were applied at any mo- 
ments of the plateau. 


Spike potentials are too large 


Refractoriness for the spike height 


Brief cathodal and anodal currents were 
delivered at various instants during the 
plateau. A series of records is illustrated 
by figure 6. The intensity of cathodal cur- 
rent was approximately half of that of 
anodal current in this case. The anodal 
current used was ineffective in eliciting 
break response in the resting membrane 
(second record in A). Although it pro- 
duced only a smal] graded response when 
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Fig. 6 Changes in spike height induced by 
brief pulses of anodal current (column A) and by 
brief pulses of cathodal current (column B) 
during the plateau-like negative after-potential 
in potassium-free DDT solution; 105 minutes 
after treatment with DDT. The top record in A 
is a conditioning action potential without super- 
imposed anodal pulse. The second record in A 
is an electrotonic potential induced by a brief 
pulse of anodal current, the intensity of which 
is kept constant to the bottom record. The top 
record in B is a testing action potential induced 
by a brief pulse of cathodal current without con- 
ditioning stimulus, the intensity of which is kept 


constant to the bottom record. Temperature 
16:5°C, 
delivered immediately after the spike 


(third record in A), it became effective in 
producing large spike potential when de- 
livered at later instants (4th through 7th 
records in A). However, it became again 
ineffective near the terminal phase of the 
plateau (bottom record in A). The 


6 TOSHIO NARAHASHI AND TERUO YAMASAKI 


cathodal current, though ineffective im- | 
mediately after the spike (second and third 
records in B), increased its effectiveness 
more and more toward the end of the | 
plateau (4th through 7th records in B). 


Refractoriness for the action 
potential duration 


The second action potential induced dur- 
ing the plateau of the first action potential 
was depressed not only in height but also 
in duration. Records showing this are illus- 
trated by figure 7, in which both condi- 
tioning and testing stimuli were applied 
to the end of the nerve preparation by ex- 
ternal electrodes. When a testing stimulus 
was applied immediately after the spike, an 
action potential with small amplitude and 
short duration was elicited which was un- 
doubtedly conductive (top record in A). 
With lengthening the stimulus interval, 
the spike height of the testing impulse 
grew more and more until it attained a 
nearly normal level (second through bot- 
tom records in A). This recovery is in 
accordance with that tested by brief catho- 
dal currents as described in the foregoing 
section. 

The duration of the action potential, 
however, remained curtailed even when 
the spike height was restored to its full size. 
With further lengthening the stimulus in- 
terval, the action potential duration was 
restored progressively, but the interval as 
long as about one second was still insuffi- 
cient for the duration to be restored com- 
pletely (B). These facts may imply that 
the refractoriness for the duration of the 
action potential is at least in part governed 
by some factors different from those 
which govern the refractoriness for the 
spike height. 


Abolition of refractoriness by 
anodal current 


An anodal current delivered during the 
plateau could abolish not only action po- 
tential but also refractoriness, the records 
being illustrated by figure 8. Upper trac- 
ings in each column, which were induced 
by two stimuli applied through external 
electrodes, show that the second action 
potential was curtailed effectively. How- 
ever, when the testing stimulus was pre- 
ceded by a brief pulse of anodal current 
sufficient for abolishing the plateau, the 


AXON MEMBRANE POTENTIAL IN DDT 


—| 


137 


50 msec 


Fig. 7 Prolonged refractoriness for the action potential duration in potassium-free DDT 
solution; 277-287 minutes after treatment with DDT. Supramaximal conditioning and test- 
ing stimuli are applied to the end of the nerve preparation at varying intervals. The upper 
time marker in column B applies both to column A and to the top record in B. Tempera- 


ture 26.5°C. 
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Fig. 8 


Abolition of refractoriness by a pulse of anodal current in potassium-free DDT 


solution; 155 minutes after treatment with DDT. The upper record in each column is ob- 
tained by applying supramaximal conditioning and testing stimuli to the end of the nerve 
preparation. The lower record is obtained by delivering a pulse of strong anodal current 


jmmediately before the testing stimulus. 
~ Temperature 16.5°C. 


second action potential was restored to its 
full duration (lower tracings). 

The abolition of refractoriness is in good 
agreement with that observed with the 
TEA-treated squid axons (Tasaki and 
Hagiwara, ’57). 


Membrane resistance during the prolonged 
negative after-potential and the 
plateau 


Since polarization and recording are 
made at the same point of the axon, the 
magnitudes of the electrotonic potentials 


Spike potentials are too large to be recorded. 


induced by the same currents at various 
instants during the plateau are indicative 
of relative changes of the membrane re- 
sistance (see Hodgkin and Rushton, ‘46). 

Figure 9 shows a series of records 
taken from the poisoned axon whose nega- 
tive after-potential does not yet attain the 
maximum height. Records from the poi- 
soned axon which develops the full size 
plateau are shown in figure 10. Further, 
in figure 6A are seen records from the 
axon which develops the plateau-like nega- 
tive after-potential. 
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Fig. 9 Brief anelectrotonic potentials induced 
at various instants during the declining phase 
of the negative after-potential augmented by po- 
tassium-free DDT solution; 65 minutes after treat- 
ment with DDT (initial stage of poisoning). The 
intensity of anodal current is the same in all 
records. Spike potentials are too large to be re- 
corded. Temperature 16.5°C., 
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Relative membrane resistances during 
the negative after-potential and plateau 
were calculated from these figures, and 
are illustrated by figure 11. It will be seen 
that, in the moderately increased negative 
after-potential, the membrane resistance 
was very low immediately after the spike 
and rised rapidly with the repolarization 
toward the resting level (A). In the case 
of the plateau, the membrane resistance 
was reduced to a much lesser extent im- 
mediately after the spike, and rose more 
slowly toward the end of the plateau (B 
andsGy. 

The changes in membrane resistance 
during the augmented negative after-po- 
tential and. the plateau are almost the 
same as those described in Purkinje fibers 
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(Weidmann, 751) and TEA-treated nerve — 
cells and axons (Koketsu, Cerf, and Nishi, 
°59; Tasaki and Hagiwara, ’57). 


Effect of electrotonus on the prolonged 
negative after-potential 


Changes in the DDT-induced negative 
after-potential by electrotonus are shown 
in figure 12. The records were taken in 
the Ringer’s solution containing DDT, so 
that no marked plateau phase was appar- 
ent. It can be seen that the height of the 
negative after-potential was further aug- 
mented by anelectrotonus and depressed 
by catelectrotonus (second and third rec- 
ords). With greater hyperpolarization, a 
plateau became apparent during the de- 
clining phase of the greatly augmented 
negative after-potential. Thus, the effect 
of electrotonus on the height of the nega- 
tive after-potential is at least qualita- 
tively similar to that observed in the nor- 
mal unpoisoned axons (Yamasaki and Na- | 
rahashi, *59b). 

The duration of the action potential was 
effectively shortened by catelectrotonus, 
whereas it was only slightly lengthened by 
anelectrotonus. 


DISCUSSION 


In the later stages of DDT poisoning 
(stages III and IV), the falling phase of 


a B 


Fig. 10 Brief anelectrotonic potentials induced 
at various instants during the plateau in potas- 
sium-free DDT solution; 136-140 minutes after 
treatment with DDT. The intensity of anodal 
current is the same in all records. Spike poten- 


tials are too large to be recorded. Temperature 
165°C" 
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Fig. 11 Changes in relative membrane resist- 


ance during the negative after-potential aug- 
mented by potassium-free DDT solution. The 
membrane resistance of the resting membrane is 
taken as 100. The three records are taken from 
the same axon. A, 65 minutes after treatment 
with DDT, the same as the top record in figure 
9; B, 105 minutes after DDT, the same as the 
top record in figure 6A; C, 136 minutes after 
DDT, the same as the top record in figure 10A. 


the spike is greatly slowed down. The 
spike height induced by the testing catho- 
dal current during the plateau is lower 
than normal and grows progressively to- 
ward the end of the plateau. Anode break 
excitations are easily elicited during the 
plateau, and the spike height may be 
higher than that induced by cathodal cur- 
rent. All these facts are in support of the 
view that there is an incomplete inactiva- 
tion during the plateau; small spike height 
during the plateau may be due to the 
incomplete inactivation, and improvement 
of it by anodal current may be accounted 
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for by a removal of inactivation. The re- 
moval of inactivation by anodal current 
also seems to be responsible for the dis- 
appearance of refractoriness after aboli- 
tion. 

It should be recalled that anode break 
excitations cannot be observed in the nor- 
mal cockroach giant axons (Yamasaki and 
Narahashi, ’59b). There is general agree- 
ment that nerves and muscles, though they 
do not respond with break of anodal cur- 
rent in normal good conditions, become 
excitable on the break of anodal current 
when they are in abnormal conditions such 
as slight depolarization (Frankenhaeuser 
and Widén, ’56; Ichioka and Konishi, 57), 
low concentrations of calcium (Franken- 
haeuser, 57; Hoffman and Suckling, 56), 
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Fig. 12 Effect of electrotonus on the negative 
after-potential augmented by DDT; 69-73 min- 
utes after treatment with DDT. Top record, the 
negative after-potential induced in the resting 
membrane; second record, the hyperpolarized 
membrane; third record, the depolarized mem- 
brane, the intensity of cathodal current is the 
same as that of the anodal current used in the 
second record; bottom record, the hyperpolarized 
membrane, the current intensity is greater than 
that in the third record. Spike potentials are 
too large to be recorded. Temperature 25°C. 
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and under the influence of cocaine ( Weid- 
mann, 55). All these conditions favor the 
explanation put forward by Hodgkin and 
Huxley (52) that the anode break exci- 
tation is brought about because anodal 
polarization decreases potassium conduc- 
tance and removes inactiviation. 

However, there are some difficulties in 
applying this explanation to the present 
case: Unlike the plateau phase, no in- 
activation seems to occur in the resting 
state of the DDT-poisoned axons, because 
the resting potential is not lowered and 
the full size spike potentials are able to be 
elicited by cathodal current. The mechan- 
ism for anode break excitation in the 
resting DDT-poisoned axons remains to be 
seen. 

It has been demonstrated in our previous 
paper that the increase and prolongation 
of the negative after-potential in the initial 
stages of DDT poisoning (stages I and IL) 
are explicable by a delay and suppression 
of the rise in potassium conductance (Gx) 
which accelerates the falling phase of the 
action potential. The inactivation process 
which lowers sodium conductance (Gya) 
once raised during the rising phase of the 
action potential was thought to be un- 
affected by DDT at least in these initial 
stages (Narahashi and Yamasaki, 60). In 
the later stages (stages III and IV), how- 
ever, this process can be assumed to be in- 
hibited to some extent as mentioned above. 
It follows that, Gxa, which declines after the 
spike more slowly than normal, approaches 
and finally equals Gx, the rise of which is 
now greatly delayed and suppressed. Fur- 
ther, if it is assumed that the membrane po- 
tential is governed both by the concentra- 
tion gradients of sodium and potassium 
ions between inside and outside of the 
membrane and by membrane permeabili- 
ties to these ions, we have the following 
equation at 18°C (see Shanes, ’58a): 

Em = 58 log Px€K): + Pra(Na)s 

Px(K)o ar Pya(Na)o 
where En is membrane potential, Px and 
Pxa are membrane permeabilities to potas- 
sium and sodium, (K); and (Na); are in- 
tracellular concentrations of potassium 
and sodium, and (K). and (Na), are ex- 
tracellular concentrations. The values for 
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(Tobias, 48). (K). and (Na), are 3.1 and 
214 mM respectively in the present ex- | 
periments. Thus, in the condition satis- | 
fying Px = Py. or Gx = Na, En is nearly 
zero. The initial height of the plateau is 
of the order of 30 mv or more. Such po- 
tential levels would be maintained if Gx 
were somewhat higher than Gya. This con- 
dition would be brought about either (a) 
by a fall of Gx. keeping Gx unchanged or 
(b) by a fall of Gya to a lesser extent ac- | 
companied by a small rise in Gx. If, there- 
after, the ratio Gx/Gya were raised only 
slowly, the membrane potential would de- 
cline slowly forming a plateau. The fact 
that membrane conductance is of appreci- 
able value immediately after the spike and 
increases slowly during the plateau seems 
to be rather in favor of the view (a) above, 
though the possibility of (b) cannot be ex- | 
cluded completely. 
There are three possible explanations for 
the ionic mechanism of the repolariza- | 
tion phase which curtails the plateau: (a) | 
Fall of Gya to the resting level; (b) rise | 
in external potassium concentration near | 
the membrane; (c) rise in Gx. Since Gya | 
was thought not to be lowered completely | 
to the resting level during the plateau, its | 
fall would cause repolarization. However, | 
this does not explain the positive overshoot — 
occurring after the plateau, which excludes | 
the possibility of (a) above. If a small 
rise in Gx occurred during the plateau, | 
there would be a slight exit of potassium | 
ions. The accumulation of released po- 
tassium would shorten the plateau, because 
the increase in external potassium con- | 
centration was shown to do so (Narahashi 
and Yamasaki, 60). However, it is difficult — 
to explain the sudden repolarization by 
such a graded rise in potassium concen- | 
tration. This excludes the possibility (b) 
above. Rise in Gx may occur when the 
plateau phase reaches a certain level, caus- 
ing a repolarization. The presence of the 
positive overshoot after the plateau is com- | 
patible with this view, because the equili- | 
brium potential for potassium ions is some- | 
what larger than the resting potential | 
(Yamasaki and Narahashi, 59a). Such | 
a delayed onset of the rise in Gx is also || 
expected from the previous finding that 


the delayed rectification is further delayed | 
and suppressed by DDT (Narahashi and | 
Yamasaki, ’60). 


(K); and (Na); in the cockroach nerve are 
estimated as 140 and 84 mM respectively 


AXON MEMBRANE POTENTIAL IN DDT 


Summarizing the ionic mechanism for 
he production of the action potental show- 
ng a plateau under the influence of DDT, 
he sequence of events appears to be ( a) an 
ncrease in Gya which causes an overshoot 
the spike peak); (b) an incomplete in- 
ictivation or slow decline of Gwa, resulting 
n Gya being somewhat lower than Gx 
which undergoes little change (the pla- 
eau); (c) when the level of the plateau 
‘eaches a certain level, Gx temporarily in- 
sreases causing an abrupt repolarization 
followed by a positive overshoot. 

This explanation is essentially similar 
(0 those proposed for the plateaus of heart 
muscle and TEA-treated squid axons by 
Weidmann (757) and Shanes (’58b). It 
is interesting to note that the action po- 
tential from the DDT-poisoned cockroach 
giant axons, when further treated with po- 
tassium-free solution, resembles those from 
heart muscle and TEA-treated squid axons 
not only in the shape but also in the mecha- 
nism of production. 

There are resemblances also in behav- 
iors of the membrane potential. These be- 
haviors are (a) spontaneous excitation, 
(b) anode break excitation during the pla- 
teau, (c) graded response with variable 
sizes depending on the stimulus intensity, 
and (d) abolition of the plateau by anodal 
current. 

No sufficient account is available for the 
mechanism of abolition of the plateau by 
anodal current. It seems reasonable to as- 
sume that there is a labile equilibrium 
state of the membrane potential as sug- 
gested by Weidmann (’57) for the pla- 
teau of cardiac muscle. When the repolari- 
zation does not exceed this level, the 
membrane potential, on cessation of the 
current, is brought back to the plateau 
level which is in a semistable equilibrium 
state. However, when repolarized beyond 
this level, the membrane potential is 
brought to the resting level which is in a 
stable equilibrium state. 


SUMMARY 


1. Behaviors of the membrane potential 
have been analyzed on the cockroach giant 
axons treated with potassium-free DDT 
solution which generate the prolonged ac- 
tion potentials showing a plateau in their 
repolarizing phase. 
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2. The critical depolarization for the 
spike was greatly reduced. 

3. Anode break excitations were easily 
elicited both in the resting membrane and 
during the plateau. 

4. Graded responses with long durations 
were induced on make of cathodal current 
and on break of anodal current. Their 
amplitudes were variable and depended on 
the stimulus intensity. 

5. Action potentials and graded poten- 
tials were elicited spontaneously in some 
cases. The action potential was always 
preceded by a slowly depolarizing potential. 

6. The plateau could be abolished by a 
brief pulse of anodal current if of suffici- 
ent intensity. The abolition threshold was 
highest at the beginning of the plateau and 
lowered toward the end of the plateau. 

7. The height and duration of the second 
action potential induced during the pla- 
teau were reduced. Refractoriness for the 
action potential duration was markedly 
prolonged beyond that for the spike height. 
These refractorinesses were removed by 
the abolition of the plateau. 

8. Membrane resistance immediately 
after the spike, though lower than that in 
the resting state, was in appreciable value, 
and rose slowly toward the end of the 
plateau. 

9. The negative after-potential increased 
by DDT was depressed by catelectrotonus 
and augmented by anelectrotonus. 

10. An attempt was made to interpret 
the plateau formation in terms of ionic 
conductances: The plateau is maintained 
as sodium conductance once raised during 
the spike is lowered slowly with potassium 
conductance remaining unchanged. When 
the slowly declining plateau reaches a cer- 
tain level, a temporal rise in potassium 
conductance occurs, which causes a rapid 
repolarization followed by a positive over- 
shoot. 

11. Resemblances were pointed out be- 
tween cardiac muscle and the DDT-poi- 
soned axons in the shape and mechanism 
of production of the action potential and 
in behaviors of the membrane potential. 
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[he Olfactory Pigment’ 
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The olfactory area of most animals is 
easily recognized by its brownish-yellow 
color. The respiratory epithelium that sur- 
rounds it is pink in contrast. The pigment 
that colors the olfactory tissue has been the 
subject of much speculation. Since the pig- 
ment is only found in close association with 
the olfactory receptors, it has interested 
those who are concerned with the basic 
mechanism of olfaction. The object of this 
research has been to identify the pigment 
and observe its physical and chemical prop- 
erties, its occurrence and distribution. 

The first question that should be an- 
swered concerns the localization of this pig- 
ment. Most histology texts state that the 
pigment is found in the upper part of 
the supporting cells which surround the ol- 
factory end organ. Gerebtzoff and Schka- 
penko (’52) state that the pigment is lo- 
cated in Bowman’s glands, in the excretion 
of Bowman’s glands, in the liquid layer 
that covers the olfactory epithelium and, 
significantly, in the peripheral part of the 
olfactory receptors. The pigment was 
known to be a lipid and the latter authors 
used histo-chemical evidence for localiza- 
tion. On the basis of this and other 
evidence, Wright (’56) implicated the pig- 
ment in a new theory of olfactory stimula- 
tion. The present author feels that before 
exact localization can be accomplished, 
and before the pigment is implicated in the 
process of olfactory stimulation, more 
should be known about its chemical and 
physical properties. 


Occurrence of olfactory pigment 
in various species 


Examining the nasal epithelial tissue in 
toto, the author has observed a yellow- 
brown pigmentation, of varying degrees in 
the dog, cat, rabbit, rat, opossum, sheep, 
calf, and frog. The degree of pigmentation 
varies within a species and between spe- 
cies. Scores of dogs, rabbits, and opossums 


have been examined in the course of this 
and other studies and the author has no- 
ticed a marked variance of degree of pig- 
mentation within a species. Some of this 
variance is due to the physiological state 
of the tissue when examined. For example, 
animals with rhinitis invariably have light- 
er pigmentation. In fact, the yellow-brown 
pigmentation is usually absent. Tissue that 
has been exposed to the air for some 
length of time is darker brown. If parts of 
the nasal and frontal bones are removed in 
an anesthesized animal, and this unnatural 
dorsal aeration is allowed to continue for 
about two hours, the exposed olfactory tis- 
sue becomes dark brown. Because of these 
many differences in color within a species, 
the author doubts that it would be possible 
to easily catagorize a species’ pigmentation. 

Pigmentation of the olfactory area is 
widespread among the vertebrates. In 
fact, a definite lack of pigmentation has 
yet to be reported. From this observation, 
one is led to one of two conclusions. Either 
the pigment is concerned with the process 
of olfaction, or it is a direct result of a 
metabolism peculiar to this tissue and has 
nothing to do with the basic mechanism of 
olfaction. 


Albinism and anosmia 


Various authors quote this relationship. 
Many of the views concerning this relation- 
ship originate with Hermann (18). Mon- 
crieff, in his book, “The Chemical Senses” 
(44), elaborates on Hermann’s notions. 

The notion is based on the observation 
that albino animals (e.g., sheep) eat and 
are poisoned by certain plants that black 
sheep avoid. The reader is given the im- 
pression that albino animals are unable to 
smell the poisonous plant because of a Jack 
of pigmentation of the olfactory epitheli- 
um. Also, one is supposed to be able to 


1 Supported in part by the Division of Neuro- 
logical Diseases and Blindness, N.LH. 
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classify an animal as micro- or macro- 
smatic by the degree of pigmentation of its 
olfactory epithelium. The present author 
has examined scores of albino rats and rab- 
bits, judged to be albino because of pink 
eyes and complete lack of pigment in the 
fur, and found them to possess a normally 
pigmented olfactory epithelium. Albino 
rabbits have been tested electrophysiologic- 
ally with odors and were found to give data 
comparable to their pigmented brethren. 
The division between micro- and macro- 
smatic seems to rest on observational stud- 
ies that have not been too exact. Before 
one could begin to correlate the amount of 
pigment and the acuity to odor, much more 
exact data would be needed. 


Pigment localization 


Gerebtzoff and Schkapenko (’52) were 
the first to attempt a comprehensive histo- 
chemical analysis of the olfactory pigment. 
These authors used Sudan black, scarlet 
red, Nile blue sulfate and Feulgen’s plas- 
mal reaction. Localization was based most- 
ly on the plasmal reaction. Gerebtzoff con- 
cluded that the pigment is formed largely 
of saturated and unsaturated lipids that 
are acetals or easily oxidized to acetals. He 
further concluded that since the pigment is 
located in Bowman’s glands and in the 
sensory cell itself, it could not be looked 
upon as a waste product. 

The present author considers the above 
histochemical methods insufficiently pre- 
cise to permit exact localization. The sup- 
porting cells and olfactory receptors are 
known to contain mitochondria in the same 
area in which the stained particles were 
located. Neutral fat, fatty acids, and phos- 
pholipids are also found here. Using the 
above methods, how would one know if 
only a particular yellowish-brown lipid was 
being stained? 

Heusghem and Gerebtzoff (753) at- 
tempted a chemical isolation of the ol- 
factory pigment. These authors used the 
combined tissue of 4 dogs, 9 cats, and 11 
rabbits. They concluded that the olfactory 
pigment is essentially constituted of fatty 
acids. These acids are formed, for the 
most part, of acetals, or are easily oxi- 
dized to acetals. They further concluded 
that the coloration was due not only to 
these lipids, but also to non-lipid sub- 
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stances, bound to lipids in the sensory cell 


and in Bowman’s glands. Perusal of the 
latter data led the present author to be- 
lieve that the larger part of the pigment 
was not of a fatty acid character and 
prompted a reinvestigation of the chemis- 
try of this pigment. 


EXPERIMENTAL PROCEDURE 


The classical Soxhlet method for fat ex- 
traction was used in all but the preliminary 
testing. Olfactory tissue from a particular 
animal was weighed, dehydrated in vacuo 
or in absolute alcohol, extracted in a Soxh- 
let apparatus with absolute alcohol and 
then ethyl ether. The solutions were fil- 
tered, pooled and evaporated to dryness 
in vacuo. Both the alcohol and ether solu- 
tions were colored yellow; in most cases, 
the ether solution had the more intense 
color. The dried pigment had a fruity odor 
that usually masked a more basic fishy 
odor. 
formed on this dried pigment in an effort 
to classify it. This crude olfactory pigment 
exhibits most of the tests of a chromolipid 
(Fox, 53). The crude pigment was chro- 
matographed using ether and water 


(95:5). A yellow pigment was easily vis- | 


ible in the moving front. After 4 hours the 
pigment had an R; value of 0.90. Two 
yellow bands were visible on the paper; one 
band did not move, the other followed the 
solvent front. Both bands exhibited a blu- 
ish-green fluorescence under ultra violet 
radiation. Various chromatographic color 
tests suggested the presence of lipids and 
nitrogen. The olfactory tissue was care- 
fully examined for evidences of fluores- 
cence. Anesthesized dogs and_ rabbits 
whose olfactory tissue had previously been 
exposed, were examined with an ultraviolet 
lamp by an observer who was completely 
dark adapted (25 minutes). The tissue did 
not fluoresce when exposed to common 
odorants such as amyl acetate, orange, or 
rosam. None of the extracts of fractions 
of the olfactory tissue fluoresced until they 
were applied to chromatographic paper 
and separated. 

The dried olfactory pigment was tested 
for the presence of phosphorus by the 
method of Fiske and Subbarow. Phospho- 
rus was present in the ether extract, the 


alcoholic extract and the pooled dried pig- | 


Many preliminary tests were per- | 
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ment. The values ranged from 3.86 to 
1.9% of the dried samples. Several sam- 
ples of the crude pigment were tested for 
honprotein nitrogen using the Koch and 
McMeekin procedure. Nitrogen was found 
in most of the samples. The values ranged 
from 4.73 to 0% of the dried samples. 
Because of the behavior of the olfactory 
pigment toward various organic solvents, 
its behavior in water and the occurrence of 
phosphorus and nitrogen in the samples, 
the author was led to believe that the pig- 
ment was a phospholipid. In order to 
compare the gross characteristics of the 
olfactory tissue to a known source of phos- 
pholipid, the brain and olfactory tissue of a 
rabbit were subjected to a phosphatide frac- 
tionation according to a method outlined by 
Desnuelle (752). The brain and olfactory 
extracts behaved in a similar manner dur- 
ing the separation procedure. Two frac- 
tions were yellow in both the brain and 
olfactory extracts; the phosphatidic acid 
and the lecithin fraction. These two frac- 
tions also exihibted the same chromato- 
graphic color tests as the crude olfactory 
pigment. The absorption spectra of the ol- 
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factory pigment fractions showed no peaks 
between 300 mu and 800 mu which is prob- 
ably an indication of the heterogeneous 
nature of the extract. The tissue from two 
cats and two rabbits was carefully pro- 
cessed according to the aforementioned 
extraction procedure. The results are given 
in table 1. 

Certain of the above extracts were an- 
alyzed for phosphorus and nitrogen con- 
tent. The results are presented in table 2. 
Of the two yellow fractions; the phosphati- 
dic acid and lecithin fractions, most of the 
color was found in the former. This rela- 
tively crude fraction contained no nitrogen. 
Approximately 0.6% of this phosphatidic 
acid fraction obtained from olfactory tis- 
sue was phosphorus. An “ideal” phosphati- 
dic acid calculated from the molecular 
weights of known species contains between 
4 and 6% phosphorus. It is easily possible 
that the accumulation of the pigment in the 
phosphatidic acid fraction is an artefact 
produced by oxidation. It seems more like- 
ly that the pigment is mainly composed of 
the more prevalent “lecithines.” 


| TABLE 1 
= Wt. of Total Acetone- & sis 
Animal dried eeece lipid soluble lipid Phospholipids 
gm % % % 

Cat 1 0.30 7.5 3.85 3.48 

Cat 2 0.242 6.6 3.76 PBT AT 
Rabbit 1 0.35 6.0 

Rabbit 2! 0.29 5.4 


1 These tissues were dehydrated in vacuo, the tissues of cat 1 and rabbit 1 were de- 


hydrated in absolute alcohol. 


TABLE 2 
Fraction N N/P 
9 % 
Cat1 
Acetone-soluble lipid 0.61 
Phospholipids 1.9 
Cat 2 
Acetone-soluble lipid 0.64 
Phospholipids 2.47 
Rabbit 1 a 
Total lipid 2.12 1.47 
Rabbit 2 oe 
Total lipid 2.27 1.58 
eer cit lipid 3.86 4.73 1.23 
ee 2.04 


Total lipid 
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Lea (56) has demonstrated that phos- 
pholipids become brown in direct relation 
to the amount of oxygen absorbed. While 
this absorbed oxygen is being converted 
to peroxides, the iodine value decreases 
and free amino groups disappear. The 
same author suggests that hydroperoxides, 
epoxides, aldehydes, and other oxidation 
products of fats are possible participants 
in such reactions. 

It seems evident that browning on ex- 
posure to oxygen is a characteristic of 
phospholipids. The brown pigment that 
was extracted from the olfactory tissue of 
various animals has the characteristics of 
phospholipids. This idea is strengthened 
by the observation that the olfactory tissue 
is much darker when it has been exposed 
to atmospheric air for an hour or so. Air 
has easy access to the receptor side of the 
tissue, this could account for the color of 
the tissue in situ. One could then ask why 
the olfactory tissue is yellow-brown and the 
respiratory tissue is pink. The most strik- 
ing anatomical difference is the vast dis- 
similarity in degree of innervation of the 
two tissues. There are 50 million olfactory 
nerve fibers on each side of the nose. While 
the respiratory tissue is richly innervated 
it does not approach the above figure. The 
olfactory nerve is composed of unmyelin- 
ated “C” fibers with an average diameter 
of 0.2 micron (Gasser, 55). The accumu- 
lation of yellow lipid droplets in unmyelin- 
ated nerve fibers is fairly common. Mal- 
hotra (57), using phase-contrast micro- 
scopy, found large lipid spheroids in spinal 
ganglion cells of adult frogs. This pale 
yellow material is not found in larval 
stages, and increases in amount as the 
animal gets older. Lipid spheroids of a 
similar nature have been described by 
Baker (744) in the anterior mesenteric 
ganglion cells of the rabbit, by Thomas 
(48) in the sympathetic neurones of the 
rabbits and mouse, and Thomas (’51) in 
the Purkinje cells of the cerebellum of the 
rabbit, rat, and mouse. Murray and Stout 
(47) described similar inclusions in the 
adult human sympathetic ganglion cells 
grown in vitro. 


Nerve transection studies 


It seemed that the easiest way to histo- 
chemically identify the olfactory pigment 
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and study its role in the perception of odor, 
would be to cause either an increase or de- 
crease in its concentration. Under the as- 
sumption that the pigment production is 
actively controlled, an attempt was made 
to change pigment production by nerve 
transections. Three rabbits were subjected 
to unilateral cervical sympathectomy. If 
the pigment production was controlled 
through this nervous pathway, the olfac- 
tory epithelium on one side of the nose 
would be a different color than on the other 
side. The animals were killed 10, 20, and 
30 days after the operation. The color of 
both sides of the nose in the three cases 
was the same. The same procedure was 
followed with the ethmoidal nerve, a 
branch of the opthalmic division of the 
trigeminal nerve. The ethmoidal nerve has 
both motor and sensory branches. The 
sensory branches respond to both tactile 
and odorous stimulation (Beidler and 
Tucker, 55). The motor branches contain 
both sympathetic and parasympathetic fi- 
bers. An examination of the olfactory epi- 
thelium of animals in which the ethmoidal | 
nerve was cut showed no difference in | 
color. Le Gros Clark (’57) has shown that 
ablation of the olfactory bulbs causes about 
one-half of the olfactory receptors to degen- | 
erate. Uni- and bilateral ablation of the 
olfactory bulbs was carried out on several | 
rabbits to ascertain if this degeneration 
affected the olfactory pigment. The as- 
sumption was made that if the pigment 
was mainly in the olfactory nerve-receptor 
unit, degeneration of half of these units | 
would produce a visible change in color. 
These experiments were also negative. 
Negative results are not as meaningful, but 
they show that the most obvious treatment | 
of the tissue produces no visible change in | 
the olfactory pigment. . 


DISCUSSION 

The olfactory pigment is composed of | 
phospholipids, probably lecithins, plus the | 
products of auto-oxidation of these phos- | 
pholipids. The latter undoubtedly con- | 
tribute most, or all, of the color. Any at- | 
tempt at histochemical localization will be | 
doubly endangered. First, the auto-oxida- | 
tion products are unstable and relatively | 
unknown. Second, current histochemical | 
procedures are not sufficiently specific for | 
precise localization. | 
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The accumulation of yellow fat droplets 
in old, unmyelinated nerve fibers is pointed 
gut by Malhotra. Since the olfactory 
nerves are unmyelinated and the olfactory 
tissue is yellow, one may look for a com- 
mon basis. It is possible that a form of 
lipid metabolism peculiar to unmyelinated 
nerves produces the yellow pigment. The 
yellow fat globules normally extant in an 
adult nerve could remain in the tissue and 
continue to contribute to the color even 
after the nerve degenerated. But the lack 
of success, in the nerve transection studies 
points toward the notion that the pigment 
is a product of non-nervous tissue such as 
Bowman’s glands or the supporting cells. 

Contrary to the beliefs of Moncrieff and 
others, the present author does not believe 
that the color of the olfactory tissue is an 
index of the animal’s acuity to odors. It 
has already been mentioned that the color 
is very similar, if not identical, from spe- 
cies to species. Albino animals have the 
same degree of color saturation as a pig- 
mented animal of the same species and 
give the same electrophysiological re- 
sponses to odors. 

If Wright’s electron excitation theory is 
correct, some degree of fluorescence should 
occur when the olfactory nerves are be- 
ing stimulated by odors. The absence of 
fluorescence is a point of disagreement 
with the theory. 

A function of the olfactory pigment that 
has not been mentioned concerns its pos- 
sible bactericidal and fungicidal proper- 
ties. Rothman (’54) points out that the 
presence of unsaturated faty acids play 
a role in the disappearance of bacteria 
from the skin surface. For example, 
furigal lesions of ringworm and athlete’s 
feet very seldom occur in the presence of 
functional sebaceous glands. The olfac- 
tory tissue is very rich in unsaturated fat- 
ty acids and is also in a very vulnerable 
position in regard to attack by micro-or- 
ganisms. The observation that the pig- 
ment is either reduced or absent in an ani- 
mal with rhinitis may be evidence for this 
notion. 


SUMMARY 


The yellow-brown pigment found in the 
olfactory tissue is probably due to auto-ox- 
idation products of phospholipids. 
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The pigment may be a waste product of 
lipid metabolism peculiar to unmyelinated 
nerve fibers. 


Evidence is given against the supposed 


relationship between albinism and anos- 
mia. 


_Some evidence is presented that is in 
disagreement with Wright’s theory of ol- 
factory stimulation. 
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he Effect of Ribonuclease on the Dialysis of Calcium 
rom Homogenates of Lobster Nerve and the 
sinding of Sodium in the Homogenates' 
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The following investigation was under- 
aken to answer the question “Is the phys- 
al state of calcium in nerve related to 
ae presence of, and the degree of poly- 
1erization of, ribonucleic acid (RNA)?” 

To begin with, there is a certain amount 
f explicit evidence that part of the cal- 
ium in nerve is bound to something 
Simon and Szeléczey, 28; Tipton, 734; 
lehes, Valyi-Nagy and Sokoray, ’35; Sol- 
mon and Tobias, 51; Soloway, Welsh 
nd Solomon, 753; Hodgkin and Keynes, 
17). In addition, it is known that some 
f this fraction must be in the form of a 
et negatively charged complex, since it 
ligrates anodally in an electrical field 
Mehes et al., °35; Solomon and Tobias, 
51; see also Mazia and Clark, ’36). The 
zilure of Hodgkin and Keynes (57) to 
nd such anodalward migration of labeled 
a in isolated squid axons suggests either 
1at (a) the voltages used were insuffi- 
ient to move the complex, or that (b) 
1e isotopic Ca did not have time to enter 
1e complex and label it, or that (c) the 
nodally migrating Ca is extracellular. 

Because of the central role of Ca in 
xcitability phenomena, it then becomes 
matter of importance to seek out what 
1e bound Ca is bound to. In this con- 
xt a number of findings have suggested 
1at nucleic acid compounds may be in- 
olved. Thus, it has been reported that 
1ixed wavelength ultraviolet light can re- 
ase Ca from binding in serum (Clark, 
3) or in cells (Mazia and Clark, °36; 
shkenaz, ’38), and there is an interac- 
on between ultraviolet radiation and cal- 
ium which affects rubidium and phos- 
hate uptake by bean root tissue (Tanada, 
5). It is interesting to place these re- 
alts in juxtaposition with observations 
f Engstrom (’43) who correlated an 


absorption at 2570 A with the ash of 
microincinerated ganglion cells, and those 
of von Muralt and Staémpfli (53) which 
related an increase in threshold of the 
frog single fiber preparation to irradia- 
tion at 2600 A. In addition, Lansing and 
Rosenthal (752), stimulated by experi- 
ments of Neuberg and Roberts (’49) on 
the binding and solubilization of polyva- 
lent cations by nucleotides, felt that in 
Elodea cells and Arbacia eggs they had 
demonstrated a relationship between RNA 
and the binding of Ca or Sr. More re- 
cently, Passow et al. (’59) have speculated 
that some Ca may be bound to nucleic 
acid complexes in the yeast cell surface. 

This report will present evidence that 
a fraction of calcium is made dialyzable 
from lobster nerve homogenates by the 
enzyme ribonuclease (RNAse). It will 
also be shown that sodium is not dialyz- 
able to the same extent as is potassium, 
this suggesting that some sodium is bound 
to a non-dialyzable component of the 
homogenate. 


MATERIALS AND METHODS 


Nerves from claws and walking legs 
were removed from 4 lobsters (Homarus 
americanus) by the pull-out method, blot- 
ted, pooled and weighed. The nerve pool, 
about three gm, was homogenized in an 
iced, glass homogenizer for three to 5 
minutes and then diluted with 12 ml of 


1This work was done during 1953-54, and 
a preliminary note was published in Federation 
Proceedings, 13: 1954. 

2Present address: Department of Physiology, 
The University of Texas Medical Branch, Gal- 
veston, Texas. 

3 This work has been supported in part by a 
grant from the United States Public Health Serv- 
ice and in part by a grant from the Dr. Wallace 
C. and Clara A. Abbott Memorial Fund of the 
University of Chicago. 
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glass re-distilled water, this producing a 
20% homogenate. Two-milliliter aliquots 
of this homogenate and 0.5 ml of RNAse 
(5 mg/ml), or control solution, were sub- 
sequently transferred into soaked sacs of 
dialysis tubing (Visking 12/32” or 18/32” 
sausage casing), resulting in a 16% ho- 
mogenate. About 2 ml of the diluted 
homogenate were not dialyzed, and served 
for control analyses. The sacs were placed 
in 10 times their volume (25 ml) of glass 
re-distilled water. 

Six sacs could be dialyzed at one time, 
with constant stirring, for 4% to 4 hours 
at room temperature (24—25°C usually). 
At the end of an experiment each sac 
was removed, its content squeezed out 
into a weighed crucible, and the pH was 
measured with pH paper (always circa 
pH 6.4). Duplicate weighed aliquots 
(0.5 ml) were removed from each crucible 
to be analyzed for RNA and for DNA by 
the method of Ogur and Rosen (’50). 
The dialysates were transferred to cru- 
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cibles but were not analyzed for nucleic 
acid. 

The crucibles were dried to constant 
weight, heated at 500°C for 24 hours in 
the presence of 4 N H.SO, to ash the con- 
tents, and the ash was then analyzed in 
triplicate for Ca according to the method 
of Sendroy (’42, 44), and for K and Na 
with a Perkin-Elmer flame photometer us- 
ing Li as the internal standard. 

Ribonuclease was purchased as the salt- 
free crystalline preparation from _ the 
Worthington Biochemical Co. The activity 
of all RNAse preparations was determined 
according to Kunitz (46). Protease con- 
tamination of the RNAse was tested for 
by the Anson method (’38). When com- 
pared to trypsin the contamination, if 
any, was less than 0.01% by weight. In 
order to make more certain that there 
was no protetase activity, some dialyses 
were done with RNAse that had been boiled 
for 5 minutes in 0.01 M acid, cooled and 
neutralized to phenol red with dilute base. 
The RNAse activity of these preparations 


TABLE 1 
Calcium egress from lobster nerve homogenates treated with RNAse in distilled water 


Per cent of total Ca 
dialyzed out 


Tubing Dialysis Experiment 
size duration number etme 
Control RNAse 
inches hours 

12/32 2 8 32.9 40.6 
IG) 44.4 48.4 
3 5 41.5 sical 
8 41.0 52.0 
9 50.5 62.8 
10 47.5 57.4 
10 47.0 59.4 
12 50.0 51.4 
13 48.6 50.0 
4 8 50.3 58.9 
11 55.5 63.0 
11 53.5 60.0 
18/32 Y% 17 12.5 15.5 
2 16 19.4 27.9 
iNiZe — 29.5 
18 21.0 38.4 
1 15 44.5 57.3 

16 35.4 ae 
19 34.3 53.7 
15 57.9 63.6 
13 66.0 69.0 
14 64.3 75.4 
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vas either identical with or only slightly 
ess than that of the unboiled fresh en- 
‘yme. Some experiments were done with 
2XNAse that had been completely inacti- 
vated by boiling for 60 minutes in 0.01 M 
yase, cooled and neutralized to phenol red 
with dilute acid. There was no RNAse act- 
vity detectable in preparations treated in 
his way. 
RESULTS 


To make maximum use of the lobster 
tissue, and because about 40 mg of wet 
tissue were needed for each salt or nucleic 
acid analysis, each dialysis sac contained 
about 400 mg of tissue equivalent and was 
dialyzed until about 50% of the calcium 
had permeated. Later, it appeared that 
shorter dialysis might show up a greater 
difference in Ca egress between sacs with 
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Fig. 1 The effect of RNAse on the egress of Ca from dialy 


homogenates in distilled water. 
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or without added RNAse. The data are 
shown in table 1. It may be seen that in 
every case the presence of active RNAse 
promoted the egress of Ca from the dialy- 
sis sac. The data are also presented in 
figure 1. RNAse increased the dialysis by 
an average of about 9%. 

The RNAse preparation which was ren- 
dered completely protease free by heating 
had a slightly smaller effect on the Ca di- 
alysis than did the unheated RNAse, as 
would be expected if the heating also de- 
creased the RNAse activity somewhat. 
Even so, the Ca egress was still 6.3% 
greater on the average than in the controls 
in 5 of the 6 experiments done in this way. 
Complete inactivation of the RNAse elim- 
inated its effect on the dialysis rate en- 
tirely. 


With RNAse 18/32" 


Tubing 
Without RNAse 


With RNAse 


12/32" 
Tubing 
Without RNAse 


5 Hours 


sis sacs containing lobster nerve 


4 
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TABLE 2 
Potassium egress from lobster nerve homogenates treated with RNAse in distilled water 


Neen ee ee eee ee eee eee ee ee SS Se 


Per cent of total K dialyzed out! 


Tubing Dialysis : 
size duration Control ue 
es a ee ee ee 
inches hours 
12/32 2 Sie 151C2)2 83.2+2.2 (2) 
3 84.6+0.8 (7) 86.1+0.8 (7) 
4 85.9+0.5 (3) 86.3+ 0.2 (3) 
18/32 Vy 62.1 (1) 66.0 (1) 
oe) 74.3+1.9 (3) 78.0+1.7 (3) 
il 83.6 1.2 (2) 89.0 (1) 
2 88.2 (1) 88.6 GD 
3 Siar = 2.6102) 88.0+0.0 (2) 
a ea 


1 Data given as +S.D. 
2 Number of items shown in parentheses. 


TABLE 3 
Sodium egress from lobster nerve homogenates treated with RNAse in distilled water 


Per cent of total Na dialyzed out! 


Tubing Dialysis = 
size duration Contral ee 

inches hours 

12/32 2 76.0+2.5 (2)? elec one)) 
3 80.0+ 0.6 (7) 81.0+0.8 (7) 
A 80.1+0.8 (3) 81.1+0.4 (3) 

18/32 YW 50.4 Gis) 53.5 (1) 
7) 65.525.5.01€3) 67.522:1.8 (3) 
i} (Aeeeya= 153 (2) 80.0 qt) 
2 81.1 (1) 82.1 (1) 
3 82.2+0.4 (2) 82:7, 0:21¢2)) 


1Data given as +S.D. 
? Number of items shown in parentheses. 


TABLE 4 


Egress of organic matter, in terms of dry weight, from lobster nerve homogenates treated 
with RNAse in distilled water 

eS 

Per cent of dry weight dialyzed out1 


Tubing ae 
size uration Acti 
Control RNAse 
|, ee ee ee 

inches hours 

12/32 2 40.9+0.6 (2)? 42.3+1.0 (2) 
3 43.0+1.0 (7) 45.4+1.2 (7) 
4 44.1+0.2 (3) 45.2+1.6 (3) 

18/32 Y% 24.4 (1) PAST (1) 
BY) 32.8+2.9 (3) 34.6+2.5 (3) 
1 40.2+0.5 (3) 40.0+2.0 (2) 
2 41.5 (1) 44.6 (1) 
3 44.8+0.3 (2) 46.6+1.2 (2) 


1 Data given as +S.D. 
* Number of items shown in parentheses. 
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While Ca dialysis rate increased when 
NAse was added, there was a probably 
egligible effect on the rate of dalysis of K, 
[a or other diffusible solids as interpreted 
1 terms of dry weight. Tables 2, 3 and 4 
isplay data for the mean per cent dialysis 
f K, Na and dry weight. There is no sta- 
istically significant difference between 
olumns in these three tables, and there- 
ore no effect of RNAse is apparent. How- 
ver, in all cases the averages for ion eg- 
ess were very slightly higher when RNAse 
vas used. Conceivably a better analytical 
nethod could show a real effect. All of 
he data are plotted in figure 2 in terms of 
er cent dialyzed out as a function of time, 
ndependent of the RNAse. The asymp- 
ote toward which the Na egress curve ap- 
roximates is somewhat lower than that 
vhich the K egress curve approaches. 


153 


Figure 3 expresses the data for poly- 
merized RNA remaining in the dialysis sac. 
The differential solubility method of Ogur 
and Rosen determines only polymerized 
nucleic acids. The depolymerized RNA 
most probably dialyses out. Dialysed nu- 
cleotides could not be determined because 
the presence of non-nucleic acid nucleo- 
tides interferred with their estimation. 
The RNA analyses were done primarily to 
establish whether or not the RNAse was 
really active in the presence of the nerve 
homogenate, and it is seen that it was. 
More nerve material in each analysis would 
be needed were a greater accuracy desired. 
Thus, the reversal in slope occurring after 
one hour in figure 3 cannot now be taken 
seriously. The apparent breakdown in the 
RNA that occurs in the absence of added 
RNAse may result from the action of a 
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Without RNAse 


With RNAse 


4 5 Hours 


Fig. 3 The effect of RNAse on the polymerized RNA. The depolymerized RNA is pre- 


sumably free to dialyze. 


phosphatase or diesterase, may result from 
endogenous RNAse activity, or may be an 
expression of a lower molecular weight 
fraction of RNA diffusing out which is 
normally present in addition to the more 
highly polymerized portion. 


DISCUSSION 


A comparison of figures 1 and 2 shows 
that the dialysis egress of K, Na and other 
solids reaches a plateau, indicating mini- 
mal further egress, considerably before Ca 
egress does. These curves strongly suggest 
that most or all of the Ca is not as free 
to diffuse as are the K and Na. Although 
it is not known whether the Ca that dialy- 
ses out does so in the form of Ca ion or as 
a small complex, it is evident from the dry 
weight curve that about 55% of the nerve 


homogenate is still retained at three to 4 
hours and could serve as a substrate for 
the binding of Ca. 

Consideration of the volumes inside and 
outside the dialysis sacs indicates that at 
equilibrium the ion concentration distri- 
bution would show 91% dialysed out if 
all the ions were freely diffusible. Since 
only 82.1 + 0.3% of the Na was dialysed 
out at equilibrium, whereas some 87.5 + 
0.7% of the K had been removed, there- 
fore a small amount of the total Na seems 
to have been restrained more firmly than 
the K. Both Tobias (50) and Steinbach 
(50) have shown that frog muscle binds a 
similar small percentage of the total Na. 
The binding agent, which has not been 
identified, might conceivably be involved in 
transsurface transport of Na. 
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TABLE 5 
Calcium egress from lobster nerve homogenates treated with RNAse in presence of added salts 


Tubing Dialysis 
size duration 
inches ere 
12/32 DS 
Ss 
18/32 1.0 
1.0 


Solution Per cent Ca out 
Comps tuo. Control RNAse 
0.2 M KCl 69.0 75.9 
0.2 M KCl 76.0 82.7 
0.2 M KCl 46.2 54.7 
0.2 M NaCl 56.4 58.6 


Because of difficulty in analyzing the dialysate in the presence of large amounts of salt, 
all the above data have been derived from the Ca remaining within the sac in comparison 


with an undialyzed aliquot. 


Two experiments on the effect of RNAse 
vere carried out in the presence of salt 
dded both inside and outside the sac 
table 5). Analysis for small amounts 0? 
‘a in the presence of large amounts of 
JaCl or KCl was found difficult and there- 
ore only the inside compartment or an 
indialyzed aliquot could be analyzed satis- 
actorily. The presence of either 0.2 M 
NaCl or KCl accelerates the egress of Ca 
is expected. The increase in dialysis due 
o the presence of RNAse was observed to 
ye about 7% in the presence of KCL and 
vbout 2% in the presnce of NaCl, as may 
ye seen in the table. These experiments 
support the conclusion that the increase in 
lialysis of Ca produced by the RNAse is 
10t merely a passive redistribution of Ca 
‘esulting from a change in the concentra- 
ion of some other charged ion. 

It was not possible to obtain a good cor- 
‘elation between the increased Ca dialysis 


and the amount of RNA depolymerized. It 
is possible, however, to calculate for each 
experiment the maximum amount of Ca 
that could be bound by the total RNA 
present and to compare these data with the 
RNAse-produced increase in Ca dialysis. 
Assuming that the calcium is bound only 
to the phosphorous of RNA, it is apparent 
that the maximum of binding sites can be 
determined. RNA is known to consist of 
about 9.5% P, and each 4 P atoms max- 
imally have 4 sites at which Ca could bind 
(Davidson, 57). Thus, about 0.9 meq. of 
Ca could be bound by each 100 gm dry 
weight of nerve, or an average of 8.5 = 
0.3% of the total Ca in each dialysis. The 
increased Ca dialysis observed was 8.7 + 
0.9% of the total Ca (the datum for the 
quarter hour dialysis was excluded _be- 
cause of inadequate time for the released 
Ca to dialyse). The difference between 
these means is not significant and thus 


TABLE 6 
Lobster nerve analyses 


No. of 
Item experiments 

eee es eee 
Total number lobsters 16 
Water content as per cent 

of wet weight 16 
Ash weight as per cent of 

wet weight 14 
meq. Ca/100 gm wet weight 15 
meq. K/100 gm wet weight 12 
meq. Na/100 gm wet weight 12, 
mg RNA/100 gm wet weight 10 
mg DNA/100 gm wet weight 9 


Data were collected from 
were homogenized. Untreate 
quadriplicate for Ca, K and Na, 
March, 1954). 


experiments in W al 
d aliquots of the homogenates were analyzed in triplicate or 


and in duplicate for RNA and DNA (August, 1953 to 


Datum 


No. of 

puateaee + S.D. Range 
16 S7.f 0.2 86.3 —88.6 
14 3.37+0.11 9.88— 4.24 
ah) 1.44+0.04 1.08— 2.08 
44 16.4 +0.3 11.0 -—19.6 
44 15.5 +0.3 11.2 -—20.0 
20 98.8 +0.9 93.4 -37.4 
18 BOO) as ital 41.0 —57.4 


hich all limb nerves from several lobsters 
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indicates that the increased Ca dialysis 
observed in the presence of RNAse could 
be wholly accounted for by Ca that might 
have been bound to RNA. 

Actually, about 20% of the total RNA 
was not depolymerized by the RNAse (fig. 
3). The method of Ogur and Rosen (’50) 
detects depolymerization of nucleic acids by 
means of differential solubility according 
to the degree of depolymerization. It gives 
no information regarding the dialyzability 
of the depolymerization products, nor re- 
garding the ability of these products to 
bind Ca. If, however, a lack of depolymeri- 
zation measured by this method may be 
thought to imply a lack of Ca release by 
this fraction of the RNA, then the mean 
for maximum Ca binding (and releasable 
by RNAse) should be reduced by 20% of 
8.5% or to 6.8%. The difference of the 
means is however still not significant. 

While the most probable mechanism 
for the increased dialysis of Ca as a result 
of RNAse action is an effect of the enzyme 
upon the RNA molecule, there are pos- 
sible alternatives: (1) The RNAse itself 
simply displaces Ca from the homogenate. 
At the pH of these experiments RNAse is 
positively charged, and it may be calculated 
by analogy with the charge to molecular 
weight ratio of albumin, that 10~° moles 
of charge are added (Klotz, 54). The in- 
crease in Ca dialyzed out also happens 
to be 10~° equivalents maximally. (2) 
RNAse acts on the nucleoprotein so as 
to depolymerize the RNA, and because of 
such structural changes somehow releases 
Ca from protein rather than from the RNA 
itself. (3) The polymerized RNA serves as 
a carrier for any Ca present within the dial- 
ysis sac. It is not possible rigorously to de- 
cide among these alternatives from the 
data at hand, since the evidence shows 
only that RNAse is capable somehow of 
affecting the ability of Ca to diffuse in this 
experimental situation. 

What does seem clear is that although 
this system may play subtle, and conceiv- 
ably important, roles in excitation and 
other phenomena, no very large amount of 
Ca, Na or K is firmly bound to RNA. An 
alternative for Ca localization has been 
suggested elsewhere (Tobias, ’58). 
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SUMMARY 


1. Diluted lobster nerve homogenates 
were dialyzed against distilled water for 
various periods of time. In some of the 
dialyses RNAse was added to the homog- 
enate. The presence of this RNAse in- 
creased the Ca dialysis by about 9%. It - 
has not been established whether the Ca_ 
dialyses as Ca ion or while bound to some > 
nucleotide. : 

2. This RNAse-sensitive Ca fraction is 
independent in magnitude of the large os- 
motic disequilibrium at the start of an ex- 
periment, since it appears also when the 
egress of K, Na and other diffusible solids 
have reached equilibrium, and it appears 
in the presence of added salt. Only ques- 
tionable effects, if any, of RNAse on K or 
Na egress have been seen. 

3. The greater amount of K than of Na 
that dialyses out indicates that a few per 
cent of the Na are still bound to non- 
dialyzable constituents of nerve after three 
to 4 hours of dialysis. 

4. Analytical data for lobster nerve Ca, 
K, Na, RNA and DNA are presented. 
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There has been much speculation con- 
erning the structural physical properties 
f axons and the changes which they may 
indergo during excitation, conduction and 
ecovery. (For complete literature cita- 
ions on this point and others not explicitly 
riven in this report see reviews of Tobias, 
51, 52, 58; Liudkovskaia, 57; Frank, ’58; 
Tobias and Nelson, 59.) The probability 
hat reversible sol-gel interconversions are 
‘ssential parts of functioning has been 
irgued (Heilbrunn, *43), and is supported 
yy observations which suggest that inter- 
‘erence, as by hydrostatic pressure, with 
1 metastable colloidal state prevents nor- 
nal functioning (Grundfest, 36; Spyropo- 
ilos, 57, 57a). There is, however, rather 
ittle information of a direct sort bearing 
mn the dynamic mechanical characteristics 
of axons. If a point of view such as that 
xf Sutherland (’05, 08), which was re- 
sxamined by Fry and Fry (’50) (see also 
[Tobias reviews and Tobias, 60), which 
sonsiders a possible mechanical compon- 
sent of the nerve impulse is to be enter- 
-ained, it would be valuable to know more 
about the dynamic characteristics of axo- 
plasm structure. 

One reason for doing the following ex- 
periments therefore has been to allow vis- 
alization of changes in axoplasmic con- 
sistency occurring as a result of rapid or 
slow mechanical stirring and compres- 
sion with an impaling quartz microneedle. 
There has, however, been a second mo- 
tive for the experiments to be described. 
It has‘ been reported from a number of 
sources that certain complex changes in 
the optical and mechanical properties of 
erve occur as a concomitant of activity. 
The techniques used in the optical ex- 
periments have measured changes in tue 
scattering of light incident on the outer 
surface of the nerve. Since, however, 


much of the light scattered by such a sys- 
tem is scattered by connective tissue ele- 
ments and by axonal sheaths, there is a 
large background of illumination falling on 
the detector photocell which is scattered 
there by structures possibly playing little 
if any direct part in conduction of the 
propagated disturbance. Nor is it clear 
from the experiments reported to date that 
much of the apparent change in light scat- 
tering with activity may not in part be due 
to changes in surface reflectivity, index of 
refraction, etc., etc. As a first step toward 
sorting out these possibile parameters of 
the scattering changes, to make the axo- 
plasmic and surface changes ultimately 
resolvable, and possibly to introduce a 
more generally useful analytical tool, we 
have tried putting a light source, in the 
form of a quartz microneedle into the axo- 
plasm and have measured photoelectrically 
the light emerging radially through the 
axon surface. Since such emergent light 
also passes through extraaxoplasmic ele- 
ments this experiment is no more able 
than the others to resolve intra-from extra- 
cellular elements in responsibility for the 
scattering change. The next step, not yet 
tried, would be to put a second quartz rod 
into the axoplasm from the other end of 
the axon to act as a light receiver and thus 
possibly to approximate an intracellular 
spectrophotometer or nephelometer. In 
this way any part played by the axoplasm 
alone could be isolated. 


1This work was done in 1951, preliminary 
note appearing in Biol. Bull., 101: 213, 1951. 

2Present address: Department of Physiology, 
Medical College of Virginia, Richmond, Virginia. 

3 This work has been supported in part by a 
grant from the United States Public Health Ser- 
vice, and in part by a grant from the Dr. Wallace 
C. and Clara A. Abbott Memorial Fund of the Uni- 
versity of Chicago. 
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Fig. 1 Diagram of experimental arrangement. Top view, not to scale. 


The experiments reported here give di- 
rect evidence of the thixotropic nature of 
squid axoplasm, and also show that the 
light emerging from an internally lighted 
axon can be modified somewhere along its 
path by stimulation and impulse conduc- 
tion. 


METHODS 


The squid giant axon, excised and 
cleaned in filtered sea water, was mounted 
in a slot (about 0.5 X 0.56 mm) milled in 
a block of Plexiglas (fig. 1). The block 
was cut to fit in the mechanical stage of 
a microscope. Cradled in the slot on ap- 
propriate electrodes, and held by silk ties 
anchored to the block, one end of the axon 
was draped over an end of the block as 
shown in the figure. Once the axon was 
mounted the slot was covered with a cover 
glass, thus forming a moist chamber. A 
5 mm quartz rod, held in a micromanipu- 
lator and previously pulled out for several 
centimeters to an 80-100 u diameter 
needle, was then brought into position 
alongside the microscope holding the block, 
and the axon, where it curved over the 
edge of the block, was stabbed by the 
needle tip. The latter was then advanced 
for a short distance into the axon. Since 
stimulating electrodes and monitoring 
pick-up electrodes were somewhat up- 
stream from this point there is no way of 
knowing with absolute certainty that the 
impulses in all experiments actually 
traversed the region of impalement. 

Such a quartz microneedle may be vari- 
ously used. It is convenient for mechan- 
ical manipulation of the axoplasm while 


the latter is observed microscopically, or 
it may be used as a conduit to pipe light | 
directly into the axoplasm. In the latter 
case a regulated light source illuminates | 
the protruding end of the rod (fig. 1). 
Though it has not been so used to date it | 
could also be made in the form of a capil- | 
lary micropipette for simultaneous micro- | 
injection. For quantitative measurement 
of changes in light emerging from the im-. 
paled axon during activity, when the only | 
light in the field was that brought into the’ 
axon via the quartz tip, the block was 
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Fig. 2 Diagram of arrangement for measure- 
ment of emergent light. 
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painted completely flat black, and, after 
visual positioning of the axon and the im- 
paling rod, the microscope ocular was re- 
placed by a photomultiplier tube (RCA 
no. 931) in a fitted aluminum housing (fig. 
2). The output of the photocell was meas- 
ured with an electronic microammeter 
(max. sens. 0.01 wamp per 100 div. full 
scale). Stimulation was by means of a 
standard stimulator, impulse conduction 
being monitored in orthodox fashion. 


RESULTS 


Thixotropy of axoplasm 


The squid giant axon observed by or- 

dinary microscopy appears to be optically 
empty; it is, however, birefringent (Bear, 
Schmitt and Young, 37; Shaw and Tobias, 
751), and therefore must contain oriented, 
anisotropic particles. Examination of axo- 
plasm in the surviving, excitable lobster 
axon, by slit ultramicroscopy, shows the 
presence of various structural elements 
and regions of different rigidity or viscos- 
ity (Tobias and Bryant, 55). Now then, 
it is also found that if one gently intro- 
duces an impaling quartz rod into the 
squid axon as described above and uses this 
rod to conduct light into the axoplasm 
then one sees a bright Tyndall cone extend- 
‘ing into the axoplasm ahead of the quartz 
tip, i.e., the axoplasm is turbid. 
If the impaling quartz rod be moved 
‘about in the axoplasm characteristic local 
changes occur. These changes are, how- 
ever, different depending on whether the 
axoplasm be vigorously stirred by oscil- 
lating the needle back and forth along 
the long axis or be gently compressed by 
slowly moving the needle forward. 

Relatively vigorous back and forth stir- 
ring produces a track in which the axo- 
plasm becomes clearer as the Tyndall 
beam disappears there, and in which there 
appear larger particles in Brownian mo- 
tion. One sees, therefore, what one would 
expect from breaking a gel. Such a solated 
area is usually sharply delimited, the axo- 
plasm continuing in its resting condition 
just beyond. If the system then be left 
undisturbed the track gradually becomes 
less prominent and may more or less dis- 
appear, the axoplasm tending to resume 
its usual appearance. Such reversibility 
“is, however, seen only during the early 
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phases of an experiment; after sufficient 
trials the system remains solated (see 
also Tobias, 60). When reversal is seen 
it requires some 10 minutes or so for 
completion. Such behavior is typical of 
thixotropic systems (Freundlich, 35; 
Green and Weltmann, *46). Gross solation 
of axoplasm after prolonged soaking of 
the axon in sea water or after exposure 
to proteases, and its lack of effect on 
excitability is discussed elsewhere (To- 
bias, ’60). 

In contrast to such changes following 
rapid stirring, quite different results are 
seen as a consequence of gently compres- 
sing the axoplasm ahead of the impaling 
rod by advancing it slowly and evenly 
along the axonal long axis. Now there 
appears in the Tyndall beam ahead of the 
needle a series of alternate, stationary, 
light and dark curved bands which are 
concave toward the rod tip. Cup-shaped 
about the tip, these bands can be shown, 
by focussing in depth, to extend to the 
periphery of the axoplasm around the 
entire axonal circumference, but not into 
the extraaxonal sheath. The size, contour 
and positioning of the bands are, as has 
been made clear by measurements, a 
function of the size and shape of the 
quartz tip. Slow compression of this sort 
produces no visible evidence of solation, 
and its consequences indicate an appre- 
ciable degree of deformability without 
breaking on the part of the axoplasmic 
gel. No particles are seen in Brownian 
motion as after vigorous stirring. 

Before discussing certain implications 
of these findings a further observation 
will be recorded. 


Effect of activity on light emerging 
from an internally lighted axon 


If one uses the impaling quartz tip as 
the sole source of light in the field and 
measures the light emergent from the 
axon (fig. 2) it is found that stimulation 
can produce changes in the emergent 
light. To date only white light or blue 
light has been used. 

Thirteen giant axons have been studied, 
and changes have been sought during 85 
periods of stimulation of these axons. 
Stimulation has been at a rate of 175 per 
sec., a voltage of 0.25—0.74, a pulse width 
of about 0.2 msec., and has lasted for 
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from 80-150 seconds. In these 85 trials 
the emergent light decreased in 61 
(72% ), remained unchanged in 23 
(27% ) and increased in one. In all of 
these cases the axons were excitable. 
The change has always been a small 
one. Readings were made with a meter 
sensitivity of 0.1 uamp per 100 divisions 
full scale, and since the changes have 
been of the order of 2—5 wamp this means 
that they actually were displacements of 
only 2-5%. A few experiments would 
therefore not have been taken very seri- 
ously. However, the facts that (a) such 
deflections occurred in 72% of the cases 
when stimulation was applied, that (b) 
among these responses 94% showed re- 
covery (87% convincingly, 7% question- 
ably, 6% no recovery), and that (c) sim- 
ilar deflections during 87 rest periods be- 
fore or between stimulations were seen 
in less than 6% of the cases contributes 
largely to credibility. The sort of random 
fluctuations encountered is illustrated in 
figure 5 which also shows an isolated re- 
sponse to 120 seconds of stimulation. 
That the change when it occurs de- 
pends upon impulse propagation is ar- 
gued, as in the case of changes seen with 
extracellular light sources, by the facts 
that (a) 17 trials with just subthreshold 
stimulation failed to produce the change 
in emergent light, (b) in 9 out of 10 
trials the emergent light returned to the 
resting level after impulse conduction 


e RESTING 


-00l 


_ CHANGE IN PHOTOCURRENT, microamps. 


stopped even though stimulation at a 


subthreshold level was continued, and (c) — 


supramaximal stimulation failed to pro- 


duce any optical change in 6 nerves (12 © 


trials) which for various reasons had 
ceased to conduct. 

In figure 3 there is plotted an average 
curve which shows the change in emer- 
gent light in all axons showing a change, 
as a function of stimulation and time. 
This curve is simply the average of a 
scatter graph and no distinction was made 
among axons stimulated for different 


times. Figure 4, however, shows average — 


curves describing both response and re- 
covery, the curves being grouped accord- 
ing to stimulation duration. Figure 5 


shows an isolated response and recovery — 
curve for an individual axon stimulated — 


for 120 seconds. 


It may be noted that blank spaces have | 
been left in the curves for some seconds © 


following the start and cessation of stimu- 
lation. This has been done deliberately 
so as to avoid the implication that the 
precise temporal relation of the optical 
change to the electrical change (spike) is 
known. In most cases there was no clear- 
cut deflection of the meter for some 2—20 
seconds after the start of stimulation. So 
great a delay could not be due to meter 
lag, the meter requiring only a fraction of 
a second for response. Even so, however, 


a rapid onset of the change could have > 


been missed if it were at first so small 
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Fig. 4 Average responses to different stimulation times. 


as to be beyond the sensitivity of the 
measuring system. For these reasons it is 
felt that the shape of the curves is not 
well enough established to warrant tem- 
poral correlations. Whatever the precise 
time characteristics of the optical response 
and recovery curves, it is clear that the 
change well outlasts the stimulation pe- 
riod producing it. 

With this technique there has at no time 
been seen any increase in the emergent 
light preceding the decrease. It will be 
recalled that scattering of externally in- 
cident light by whole nerve may show 
monophasic or diphasic changes with ac- 
tivity, and that these changes depend for 
their direction largely on the tension ap- 
plied to the nerve (Bryant and Tobias, 
55). This stretch effect not being known 
‘when the present work was done, com- 
‘parable experiments were not done with 
‘the quartz rod impaled axon. 
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Fig.5 Individual response. 


DISCUSSION 


The theory of thixotropy is still incom- 
plete (Verwey and Overbeek, *48). Sev- 
eral points, however, seem to meet with 


164 Ss. SOLOMON AND 


more or less general agreement; (a) “the 
thixotropic state can best (or perhaps 
only) be obtained with sols containing 
disc-shaped or rod-shaped particles.” Axo- 
plasm is such a sol as is revealed by bire- 
fringence studies. (b) A particular micel- 
lar orientation is probably necessary for 
the thixotropic gel state to exist (oriented 
coagulation) (Glasstone, 46), and (c) 
the zeta potential of the particles making 
up a thixotropic sol will be in some nar- 
row range between the high value required 
for stability and the low one leading to 
coagulation. In addition, whatever be the 
correct picture of gel formation, it seems 
likely that in dilute thixotropic systems 
the gel will be a loose network of particles, 
interconnected at only a few points, in 
which the dispersion medium is immo- 
bilized, collapse of the whole being pre- 
vented by repulsive forces between other 
parts of the particles. 

It appears from these experiments that 
squid axoplasm is a thixotropic system. 
At least two other inferences, however, 
seem warranted. The facts that a micro- 
needle (80-100 u diameter) advanced 
slowly along the interior of axons 4—5 
times that size need not produce break- 
down of axoplasmic structure, and that, 
on the contrary, such an advancing rod is 
met by an apparent plastic, yielding resist- 
ance on the part of the axoplasm, result- 
ing in the appearance of a non-solated 
material exhibiting cup-shaped banding, 
strongly imply that the axoplasmic gel is 
made up of a framework whose elements 
are probably rather strongly cross bonded. 
This is consistent with the observation 
that squid axoplasm is highly elastic 
(Tobias, 60). These inferences are sup- 
ported by electron microscopic studies 
which show more or less randomly ar- 
ranged threads of material traversing the 
axoplasmic cross section. In life these 
fibrils probably have a preferential orienta- 
tion parallel to the axon long axis (To- 
bias and Bryant, ’55). 

It might also be expected that such a 
system would be rheopectic. By rheopexy 
(Freundlich and Juliusburger, ’35; Julius- 
burger and Pirquet, 36) is meant the 
“solidification of thixotropic sols by gentle 
and regular movement.” Thus, if a sol of 
V:O; be made thixotropic with H.SO,, so- 
lidification may require some 60 minutes 
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of standing after solation is induced by 


shaking. If, however, the tube containing — 


the sample be then gently rolled to and 
fro between the palms of the hands the 
V.0; may gel in some 15 seconds and may 
do so with the formation of annular stria- 
tions. Photographs suggesting similar 
changes with cross banding in certain 
soap solutions as a result of capillary 
flow have been published by Philippoff 
C38). 

Characterization of the axoplasm as 
rheopectic also gives more meaning to an 


observation of Flaig (47) who, working ~ 


with the squid giant axon, found that 
gently rolling the axon between the fingers 
for a few seconds produced an increase 
in turgor or stiffness which rapidly sub- 
sided when such finger rolling was 
stopped. 

It is possible that the observations re- 
ported here might be ascribed to dilatancy 
(Reynolds, 35). Repetitive banding, how- 
ever, is not characteristic of dilatancy, 
and dilatancy occurs in systems rich in 
particles and relatively poor in water. 
Axoplasm is not such a colloid. 

The fact that the axoplasm is thixo- 


tropic is consistent with the notion of deli- | 


cate poise subserving ease of intercon- 
version between the gel and sol states, 
there being at the same time an ever 
present tendency to reconstitute the or- 
ganized system. The property of rheopexy 
may allow the system to be exposed to 
certain kinds of mechanical disturbance 
(perhaps those of respiratory movements, 
rhythmical smooth muscle movements, 
cardiac movements) without necessarily 
undergoing any large change in state. 
This, of course, is an extrapolation, and 
one does not know now whether such 
movements are not quantitatively great 
enough to produce solation in spite of the 
rheopexy. Whatever the absolute quanti- 
tative meaning, however, these properties 
tend to confer both sensitivity and a cer- 
tain kind of stabilization, and nerve cells 
imbedded in cardiac muscle or smooth 
muscle or exposed to a vascular pulse or 
to respiratory compression and _ stretch 
may resist solation even though thixo- 
tropic. 

One further point should be noted. It 
is tempting to imagine that the periodic 
bands brought out by linear compression 
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flect preexisting transverse discontinu- 
ies of some sort in the axoplasm. This 
possible, but it is likely that such band- 
ig is due to the anisotropic particles in 
1e axoplasm being aligned by compres- 
on. It is well known, of course, that 
1earing forces tend to align such parti- 
les, as in the case of birefringence pro- 
uced by flow or stretch. 

The measurements of changes in light 
merging from the internally lighted axon 
uring activity are difficult to interpret. 

is not clear, for instance, why the 
hange has so far been seen in 72% 
ather than in 100% of the cases. In the 
smaining 28% it may have been too 
mall to detect or it may have been absent. 
peculation on this point is perhaps better 
eferred to some future time. It does 
eem however that, unless the whole thing 
3 an artifact, the characteristic response 
3 for less light to emerge during activity. 
uch a decrease might be due to a num- 
er of events; (a) photochemical absorp- 
ion in the axon, (b) increased transpar- 
ney of the axoplasm allowing a dispro- 
ortionate amount of the light to travel 
long the axonal long axis thus diverting 
- from a sideways jpath to the detector 
hotocell, (c) an increase in scattering 
y particulate formation in the axoplasm 
esulting in light undergoing more reflec- 
ions and so traversing a longer absorbing 
ath before emergence, (d) a change in 
efractive index of the quartz-axoplasm 
aterface resulting in a similar change as 
2 (b), and (e) sphericalization of a pre- 
iously ellipsoidal axon (Hill, ’50) thus 
efracting the emerging light at a sharper 
ngle and diverting it from the solid angle 
ubtended by the photocell. There are not 
dequate experimental data to allow a de- 
nitive choice among the above possibili- 
ies at this time. 


SUMMARY 


1. Squid axoplasm is thixotropic, de- 
ormable without breaking and rheopectic. 
‘he evidence also strongly suggests that 
-s framework elements are cross bonded 
nd in some way attached to the confining 
urface. The roles of the thixotropy and 
heopexy in normal physiology are dis- 
ussed. 

9. White light emergent from the inter- 
ally illuminated, squid giant axon seems 
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characteristically to decrease during ac- 
tivity, though this is not invariably de- 
monstrable. 
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Musca domestica Linnaeus' 
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Although considerable work has been 
done on lipid metabolism in vertebrates, 
not much is known of the process in in- 
vertebrates. Tichomiroff (1885) reported 
that during the development of the post- 
diapause egg of the silkworm, Bombyx 
mori, total fat content decreases with pro- 
tein and glycogen, but there is an increase 
in the amount of lecithin. Weinland (07) 
observed that during the embryonic devel- 
opment of the blow fly, Calliphora vomitar- 
ia, there is utilization of a large amount of 
total fat. Hill (43) noticed that during 
embryogenesis of the grasshopper, Melan- 
oplus differentialis, fat is the predominant 
energy source in ee development. Roth- 

that in the Japanese 
beetle, Popillia japonica, the total lipid re- 


mains constant during the early part of 
the embryonic period, but beginning with 
the fourth day at 30°C, when blastokinesis 


occurs (Gese, 53), there is a marked de- 
crease in free lipid, continuing until the 
time of hatching; bound lipid on the other 
hand, remains constant throughout the 
embryonic period. 

In the mature larva of the blow fly, C. 
vomitaria, Weinland (’09) noticed the fat 
amounts to 22% of the dry weight; in the 
worker of the honey bee, Apis mellifica, ac- 
cording to Strauss (711) the corresponding 
value is 18%. Timon-David (730) observed 
that the fat content varies widely among 
lipid in the larvae being 
298% wet weight in the weevil, Beloninus 
elephos, and 0.94% in the cut worm, Lyco- 
phatia margaritosa. Finkel (48) working 
on the larvae of the meal worm, Tenebrio 
molitor, found that total lipid, neutral fat, 
and fatty acids increase in proportion to 
wet weight as larval growth progresses; 
phospholipids decline very slowly, while 
total cholesterol remains practically con- 


stant. He concluded that lipid composition 
during larval growth of the meal worm is 
consistent with that known to exist in ver- 
tebrate embryos. 

Changes in the lipid content during the 
metamorphosis of insects have been stud- 
ied by several investigators. Frew (729) ob- 
served in the blow fly, (species not given) 
that during the latter half of the pupal 
period, the fat content continually dimin- 
ishes. Evans (32) reported a rapid de- 
crease in the fatty acids of the blow fly, 
Lucillia sericata, up to the eighth day after 
the larva has stopped feeding at 17°C. 
Following puparium formation which oc- 
curs at this time, the decrease is slower 
until the ninth day when synthesis of fatty 
acid begins. Fatty acid content reaches a 
maximum on the fourteenth day when his- 
togenesis starts, after which it diminishes 
until the emergence of the adult on the 
twentieth day. Becker (34) showed a 
gradual decrease in fat content during the 
metamorphosis of the meal worm, T. mol- 
itor. In this species, Evans (34) found 
that fat is consumed mainly at the begin- 
ning and at the end of metamorphosis. 
Ludwig and Rothstein (749) observed that 
in the Japanese beetle, P. japonica, there is 
a sharp drop in the ether-soluble neutral 
fat on the fifth and sixth days of pupal life 
at 25°C. From this point to the emergence 
of the adult (10 days after pupation), the 
amount of neutral fat remains relatively 
constant. Levenbook (53) reported that 


1 From a thesis submitted in partial fulfillment 
of the requirements for the degree of Doctor of 
Philosophy at Fordham University. The author 
wishes to express his sincere appreciation to ID ie. 
Daniel Ludwig under whose direction and guid- 
ance this investigation was conducted. 

2 Present address: Department of Cell Physiol- 
ogy, College of Physicians and Surgeons, Colum- 
bia University, New York 32, N. Y. 
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during the metamorphosis of the blow fly, 
Calliphora erythrocephala, there is no ma- 
jor change in the lipid phosphorus content. 
Battista (54) found that in the Japanese 
beetle, the total cholesterol and phospho- 
lipids increase during metamorphosis, and 
the fatty acid increases in the early part 
and decreases during the latter part of the 
pupal stage. 

The above review shows that informa- 
tion concerning the daily changes in the 
lipid content of insects during develop- 
ment and metamorphosis is very meager, 
that very little work has been done on 
fractionation of the lipids, and that more 
detailed study is needed to better under- 
stand the intermediary metabolism in in- 
sects. Hence the present investigation 
was undertaken to demonstrate the daily 
changes in concentration of cholesterol, 
fatty acid, and lipid phosphorus during the 
life cycle of the house fly, Musca domestica. 


MATERIAL AND METHODS 


The house flies used in the present study 
were from the strain obtained from Dr. 
Bertram Sackter, Army Chemical Center, 
Maryland. The adults and larvae were fed 
on dog-pellets soaked in tap water, and the 
temperature was maintained at approxi- 
mately 25°C. When the desired stage of 
development had been reached, the insects 
were weighed, and killed by placing them 
in small vials containing a mixture of 
three parts of absolute ethyl alcohol and 1 
part of absolute ethyl ether (Bloor, ’43). 
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The vials with the insects were then care- 
fully capped, labeled, and stored under re- 
frigeration until the time of analysis. The 
cholesterol determinations were made us- 
ing the method of Bloor (716) which con- 
sisted of measuring the density of the 
green color produced by cholesterol when 
treated with acetic anhydride and H2SO.. 
Fatty acid analyses were based on the 
method of Bloor (714) as modified by Snell 
and Snell (’37). This method consisted of 
freeing the fatty acids from tissue extract, 
and forming a finely dispersed precipitate 
in water on the addition of HCl. Turbidity 
of this mixture was then determined. The 
lipid phosphorus content was determined 
by the Youngburg and Youngburg (30) 
technique. This method consisted of meas- 
uring the intensity of the blue color devel- 
oped by the phosphorus contained in the 
extract when ammonium molybdate solu- 
tion and aminonaphtholsulfonic acid were 
added. All the analyses were done using 
the Hellige-Diller photo-colorimeter. Leci- 
thin values were obtained by multiplying 
those of lipid phosphorus by the conversion 
factor 25. The lipid contents were calcu- 
lated as per cent wet weight, as well as 
milligrams per 100 individuals. Also, with 
the view that it will help to understand the 
changes in the lipids, daily determinations 
of the water content during the latter part 
of the larval and the entire pupal stage 
were made by weighing the insect before 
and after complete desiccation at 100°C. 
Each chemical analysis involved a mini- 


TABLE 1 
Changes in wet weight and water content of the house fly during growth and metamorphosis 
(The age of pupa is given as days after puparium formation at 25°C) 
= a ee eee Ne eee 


Stage 


Average water 


Average weight content 


a 


Egg 

1-day larva 

2-day larva 

3-day larva 

4-day larva 

5-day larva 

6-day larva 
Puparium just formed 
1-day pupa 

2-day pupa 

3-day pupa 

4-day pupa 

Adult, just emerged 
7 to 10-day adult 


mg % wet wt. 
0.05 — 
ales bs} — 
1.90 — 
14.8 82.2 
14.3 78.8 
19.6 leo 
13.4 74.5 
12:3 71.6 
11:2 69.7 
10.8 69.6 
10.8 69.6 
10.2 69.5 
9.3 74.6 


: 


um of 10, and the analysis of the water 
ontent a minimum of 5 determinations. 


OBSERVATIONS 


The changes in wet weight and wa- 
r content are shown in table 1. The 
ge of the pupae is given as days fol- 
wing puparium formation. The egg has 
n average weight of 0.05 mg. During the 
rval growth the weight increases to an 
verage of 19.6 mg in the 5-day larva. It 
en decreases to 13.4 in the 6-day larva 
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1-day larva 

2-day larva 

3-day larva 

4-day larva 

5-day larva 

6-day larva 
Puparium just formed 
1-day pupa 

2-day pupa 

3-day pupa 

4-day pupa 
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are designated as follows: 


through 4P, newly formed puparium through 4-day-old pupae; 


and LA, late adult (7-10 days old). 


LIPID METABOLISM DURING DEVELOPMENT 


Average weight 
of cholesterol 
per 100 insects 


169 


and 12.3 mg immediately following pupar- 
ium formation. During the pupal period 
there is a gradual decrease in the weight. 
The newly emerged adult has an average 
weight of 9.3 and the late adult (7-10 days 
old) of 16.4 mg. The water content of the 
three-day larva averages of 82.2%. It de- 
creases steadily to 71.6% just after pupar- 
ium formation, remains at approximately 
69.5 during the pupal stage and increases 
to 75% in the adult. 


TABLE 2 
Changes in cholesterol content of the house fly during life cycle 


Cholesterol as 
per cent wet 
weight with 

standard errors 


mg 
0.010 0.201+ 0.004 
0.129 0.119 + 0.002 
0.337 0.189+ 0.010 
2.670 0.186 + 0.003 
2.470 0.177 + 0.003 
2.530 0.135 + 0.002 
2.180 0.157 + 0.002 
1.680 0.137 + 0.003 
1.473 0.137+ 0.001 
2.120 0.196 + 0.001 
1.630 0.150+0.001 
1.300 0.128 + 0.001 
1.950 0.204 + 0,002 
2.430 0.158 + 0.004 


a, 


STAGES OF LIFE CYCLE 


6L oP VP 2p 3P P OA LA 


i holesterol content of the house fly during life cycle. The stages 
Cre epee os Baer 1L through 6L, one-day-old through 6-day-old larvae; OP 


OA, newly emerged adult; 
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Figure 1 and table 2 show the changes 
in the cholesterol content. The values, ex- 
pressed as per cent wet weight, decrease 
from a high of 0.201 in the egg to 0.119 in 
the one-day larva, then rise to 0.189 in the 
two-day larva, and decrease very gradually 
to 0.137 one day after puparium forma- 


TABLE 3 
Changes in fatty acid content of the house fly during life cycle 
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tion. During the pupal stage they fluctuat 
between 0.196 and 0.128, followed by 


and a decrease to 0.158 in the older adult 
However, in spite of these phasic decreases, 
and increases, the overall picture shows 
that the percentage of cholesterol remains 


Fatty acid as 


Average weight per cent wet 


Stage of fatty acid . A 
per 100 insects meee vee yeliei. 
mg . 
Egg 0.13 2.67+ 0.054 | 
1-day larva D7 /P2 2.40 + 0.069 
2-day larva 9.70 5.39+0.150 
3-day larva 97.20 6.87 + 0.207 
4-day larva 83.20 6.04+ 0.147 
5-day larva 101.50 5.37+ 0.098 
6-day larva 98.00 Piles aa lal 
Puparium just formed 62.40 5.22+ 0.083 
1-day pupa 68.40 6.31+0.122 
2-day pupa 55.40 5.11+0.092 
3-day pupa 58.20 5.34+ 0.067 
4-day pupa 30.00 2.96+ 0.061 
Adult, just emerged 39.60 4.19+0.174 
7 to 10-day adult 39.20 2.61+0.074 
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Fig. 2 Changes in the fatty acid content of the insect during life cycle. 
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STAGES OF LIFE CYCLE 


6L 
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The stages are 


E, egg; 1L through 6L, one-day-old through 6-day-old larvae; OP 


through 4P, newly formed puparium through 4-day-old pupae; OA, newly emerged adult; and 


LA, late adult (7-10 days old). 


LIPID METABOLISM DU 


latively constant during growth and met- 
norphosis. 

Figure 2 and table 3 contain the results 
the fatty acid study. The percentage in- 
eases irregularly from a value of 2.67 in 


TABL 


RING DEVELOPMENT iN 7/Al 


the egg to 7.11 in the 6-day larva. The per- 
centage then drops progressively until the 
emergence of the adult although there are 
phasic decreases and increases. The gen- 
eral trend is a synthesis of fatty acids dur- 


EK 4 


Changes in lipid phosphorus content of the house fly during life cycle 
(Values for lecithin were obtained by multiplying the lipid phosphorus values by 25) 


Average weight 


Lecithin as per cent 
Stage cies per Lipid phosphorus wet weight with 
‘ 100 insects standard errors 
mg % wet wt. 
Egg 0.0005 0.0104 0.261 +0.005 
1-day larva 0.0161 0.0138 0.346 + 0.020 
2-day larva 0.1496 0.0861 9.152+ 0.054 
3-day larva 0.7850 0.0535 1.328 + 0.052 
4-day larva 0.6815 0.0485 T2211 -=Ol061 
5-day larva 0.6045 0.0317 0.792 + 0.045 
6-day larva 0.7530 0.0534 1.334 0.053 
Puparium just formed 0.2220 0.0180 0.451+0.011 
1-day pupa 0.1637 0.0152 0.382 + 0.025 
2-day pupa 0.1640 0.0151 0.379+0.014 
3-day pupa 0.1600 0.0146 0.366+ 0.010 
4-day pupa 0.0880 0.0085 0.212+ 0.003 
Adult, just emerged 0.0887 0.0092 0.229 + 0.008 
7 to 10-day adult 1.0475 0.0688 1.717+ 0.045 
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Fig. 3 Changes in the lipid phosphorus content of the insect during life cycle. The 


stages are designated as follows: E, ege; 
OP tie 4P, newly formed puparium throug 
and LA, late adult (7-10 days old). 


1L through 6L, one-day-old through 6-day-old larvae; 


h 4-day-old pupae; OA, newly emerged adult; 
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ing early larval growth and their utilization 
during metamorphosis. 

The changes in the lipid phosphorus are 
shown in figure 3. Lipid phosphorus and 
lecithin values are given in table 4. The 
percentage of lipid phosphorus increases 
rapidly from 0.0104 to 0.0861 during the 
first two days of the larval period, de- 
creases to 0.0535 during the next day, and 
then remains relatively constant until the 
end of the larval period. It decreases 
sharply at puparium formation, shows a 
very gradual decrease through the pupal 
period and newly emerged adult, but in- 
creases to 0.0688 in the old adult. 


DISCUSSION 

The constancy in the percentage of wa- 
ter from the first through the last day of 
pupal period is in accord with the findings 
of Ludwig and Rothstein (’49) for the 
Japanese beetle, P. japonica, in which the 
water content remains at approximately 
78% throughout the pupal stage. How- 
ever, in the newly emerged beetle the per- 
centage decreases in contrast to the in- 
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The building up of fatty acid during 1 
val growth is in agreement with the fin 
ings of Finkel (’48) on T. molitor. Th 
present investigation failed to show a pro- 
nounced synthesis of fatty acid during the 
middle of the pupal stage as reported by 
Evans (32) for the blow fly, L. sericata. 
In 1934, he found that during metamor- 
phosis of T. molitor, fatty acid is consumed 
mainly at the beginning and end, with lit- 
tle consumption in the middle, of the pupal 
period. Battista (54) observed that dur- 
ing the metamorphosis of the Japanese 
beetle, the fatty acid content increases 
through the early stages, and then de- 
creases sharply on the fifth and sixth days 
of pupal life at 25°C, followed by a con- 
tinuous decrease until the emergence of 
the adult. There is an increase in glycogen 
during the time fatty acid decreases in the 
Japanese beetle (Ludwig and Rothstein, 
°49). In M. domestica no increase of fatty 
acid comparable with that reported by Bat- 
tista during the early stages of metamor- 
phosis has been observed. However, there 


creases noted in the house fly. Hitchcock 
and Haub (’41) reported that in the blow 
fly, Phormia regina, the larva (within a 
few hours after leaving the food) and the 
newly emerged adult have the same per- 
centage of water. Their results agree with 


is a synthesis of fatty acid during the first 
day after puparium formation in the house 
fly. It is known that fatty acids are im- 
portant sources of energy during metabolic 
activities. Hence it is not inconceivable 
that a portion of the fat built up during 


the observations in the present study. 

The relative constancy of the percentage 
of cholesterol during growth and metamor- 
phosis of the house fly is in general agree- 
ment with the findings of Evans (’34) and 
Finkel (48) for the meal worm, T. molitor. 
However, Battista (54) observed that in 
the Japanese beetle there is a progressive, 
but not very pronounced, synthesis of cho- 
lesterol during metamorphosis. The peri- 
odic increases and decreases in the per- 
centage values reported in the present 
study are similar to those shown by Evans 
(34) and Finkel (’48) for the meal worm, 
and by Battista (54) for the Japanese 
beetle. The universal presence of choles- 
terol in animal tissues in relatively con- 
stant amount, which is characteristic of 
the tissue (Bloor, Okey and Corner, ’30), 
and the fact that it persists in fairly con- 
stant percentage during starvation (Ter- 
roine, 19) all suggest that it may be an 
important structural constituent of animal 
cells. 


larval growth could be used for energy 
during metamorphosis of insects. A few 
investigators (Frew, 29; Haub and Hitch- 
cock, ’41; Ludwig and Rothstein, ’49) have 
suggested that part of the fat utilized may 
be converted into carbohydrate. DelVec- 
chio (’55a) reported a synthesis of reduc- 
ing compounds, expressed as glucose, dur- 
ing the pupal stage of the house fly, M. 
domestica. In this species, however, not 
enough is known about the changes in 
other carbohydrates during the life cycle 
or during metamorphosis to justify any 
conclusion regarding their source from fat 
or fatty acids. 

The increase in lipid phosphorus during 
the first part of the larval period, followed 
by its relative constancy at slightly lower 
level during the remaining part, is in agree- 
ment with the observations of Finkel (’48) 
on the larval growth of the meal worm, 
T. molitor. Levenbook (’53) found that in 
the blow fly, C. erythrocephala, there is no 
major change in the lipid phosphorus dur- 
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1g metamorphosis. Battista (’54) reported 
hat in the Japanese beetle, the lipid phos- 
yhorus increases progressively during pu- 
yal stage. However, the rate of this rise 
s rather slow. DelVecchio (’55b) working 
yn the changes in nitrogen in the house fly, 
Ml. domestica, showed that the lipid nitro- 
yen decreases gradually during metamor- 
shosis. As most of the nitrogen-containing 
ipids have also proportionate amount of 
shosphorus, the findings of the present in- 
vestigation are comparable with those of 
DelVecchio. 


SUMMARY 


1. Determinations were made on the 
cholesterol, fatty acid, and lipid phosphor- 
us of the house fly during the following 
stages: egg, larvae on each day of larval 
period, pupae on each day of pupal life, 
and newly emerged and 7-10 days old 
adults. Water content was determined dur- 
ing all the above stages except the egg and 
the early part of the larval stage. 

2. The water content decreases steadily 
from 82.2 in the three-day larva to 69.7% 
wet weight in the one-day pupa. It remains 
approximately constant throughout the rest 
of the pupal period, and then increases to 
approximately 75% in the adult. 

3. The percentage of cholesterol, al- 


though it showed phasic increases and de- 


creases, remains relatively constant 
throughout the life cycle at an average 
value of 0.160. 

4. The percentage of fatty acid increases 
from 2.40 in the one-day to 6.87 in the 
three-day larva, remains approximately 
steady during the rest of the larval period, 
and then decreases progressively to 2.96 
in the 4-day pupa. The values are 4.19 in 
the newly emerged, and 2.61 in the old 
adults. 

5. The percentage of lipid phosphorus 
increases rapidly from 0.0138 in the one- 
day to 0.0535 in the three-day larva. It re- 
mains relatively constant during the re- 
mainder of the larval stage, and then de- 
creases sharply to 0.018 during puparium 
formation, followed by a very gradual de- 
crease through the pupal period and 
through the newly emerged adult. The 
value increases sharply in the late adult 
to 0.0688. ; 

6. The results of the present investiga 
tion indicate that cholesterol is probably a 
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tissue constituent rather than an energy 
source; that fatty acid is an important 
source of energy during metamorphosis; 
that the phospholipids increase along with 
the increase of fatty acid during larval 
growth, and that they show a very gradual 
decrease during the pupal period as com- 
pared with a rapid decrease in fatty acid. 
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[he Effect of Tannic Acid on the Permeability of 
Erythrocytes to Non-electrolytes 


Eek HUNTER? 


Department of Biology, University of the Andes, Bogota, Colombia 


Since tanning agents have been most 
widely used in the preparation of hides, 
it is not surprising to find that a large 
number of studies have been made con- 
cerning the effect not only of the vegetable 
tannins but also of substances such as 
chromium and aldehydes on the protein, 
collagen. The chemical aspects of these 
reactions are discussed by Gustavson in a 
review article (49) and in a book (56) 
and also by several authors in Discussion 
no. 17 of the Faraday Society (754) 
(Schulman and Dogan; Ellis and Pankurst; 
(Gustavson ). The reactions between a veg- 
etable tannin, such as tannic acid, and col- 
lagen generally seem to involve both elec- 
trovaient and coordinate forces. Since the 
formation of additional cross linkages can 
so markedly change the properties of col- 
lagen, it is suggested that by treating cell 
membranes with a tanning agent, the pro- 
teins of the membrane might be similarly 
altered. If additional cross linkages could 
be formed in the cell membrane, it might 
be possible to demonstrate a decrease in 
the size of the “pores.” 

That tannic acid does indeed change cer- 
tain properties of the erythrocyte mem- 
brane is indicated by immunological ex- 
periments in which tanned erythrocytes 
react differently in certain antigen-anti- 
body reactions than they did prior to this 
treatment (e.g., Boyden, 51; Feinberg and 
Flick, 54). There are also experiments to 
show that the rate of movement of ions 
across the eyrthrocyte membrane is greatly 
decreased in the presence of tannic acid 
(Jacobs et al., ‘43; Edelberg, 52). Jacobs, 
however, did not observe much effect of 
this treatment on the rate of movement of 
non-electrolytes. Edelberg (53) studied 
model systems to identify the reaction re- 
sponsible for the decrease in ion perme- 
ability and concluded that his data were 
consistent with the view that ions entered 


through a loci predominantly protein in 
nature. 

The present experiments were under- 
taken in an attempt to extend and clarify 
the observations concerning non-elec- 
trolyte permeability of tanned erythrocytes. 
It is hoped that such a study may add to 
our understanding of the relationship be- 
tween the proteins in the cell membrane 
and the movement of non-electrolytes 
across it. 


GENERAL PROCEDURES 


Two series of experiments were per- 
formed. In one series erythrocytes were 
suspended in a solution containing tannic 
acid and an aliquot of these cells was re- 
moved at some subsequent time for testing 
their permeability. In the other series, ery- 
throcytes were added to a solution contain- 
ing the molecule whose permeability was to 
be tested plus tannic acid. The first series, 
then, may be considered a “chronic” type 
of experiment while the second series was 
an “acute” experiment. 

Studies included blood from chickens, 
rabbits (drawn by cadiac puncture) and 
humans (cubital vein). In the majority of 
experiments heparin was used as an anti- 
coagulant although in some instances ox- 
alate was used with human blood with 
similar results. The cells were washed 
twice with Ringer Locke solution (R.L.) 
and the supernatant fluid and buffy layer 
were removed by aspiration. 

Hematocrit measurements were made 
using an air turbine (Parpart and Ballen- 
tine, 43). A photocell, D.C. amplifier and 
pen recorder apparatus (Mawe, ‘56) was 
used to measure permeability. Both the 


1 Acknowledgment is made to the Rockefeller 
Foundation and to the donors of the Petroleum 
Research Fund, administered by the American 
Chemical Society, for the support of this re- 
search. 
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rate of penetration and the rate of exit of 
molecules were measured (cf. Hunter, ’53 ). 
A glass electrode was used to measure pH 
and a Beckman spectrophotometer (545 
mu) to measure the per cent of hemoglobin 
in supernatant solutions. All centrifuga- 
tions were made at a speed of 1500 x g or 
less. The permeability measurements were 
made at room temperature (22—25°C). 


Chronic experiments—chicken blood 


Equal volumes of cells and R.L. were 
mixed for a control suspension and equal 
volumes of cells and tannic acid in R.L. 
were mixed for an experimental suspen- 
sion. In the majority of the experiments, 
the tannic acid solution was freshly pre- 
pared and the pH was adjusted to approxi- 
mately 7 by the addition of sodium bicar- 
bonate. 

The rates of penetration of water, eth- 
ylene glycol and glycerol were measured us- 
ing the hemolysis technique. In the major- 
ity of experiments, 0.1 cm’ of the cell sus- 
pension was added to 10 cm’ of water or 
to 10 cm® of a 0.3 M solution of the pene- 
trating molecule. Also, to study the rate 
of penetration, cells were added (0.05—0.2 
cm’, depending on the sensitivity setting 
of the amplifier) to 10 cm’ of a 0.3 M solu- 
tion of the penetrating molecule dissolved 
in R.L. To study the rate at which mole- 
cules diffused from the cells, equal vol- 
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umes of the stock erythrocyte suspension 
and a solution of 0.6 M non-electrolyte i 
R.L. were equilibrated. An aliquot (0.1- 
0.4 cm’, depending on the sensitivity set- 
ting of the amplifier) of these new suspen- 
sions was then added to 10 cm’ of a 1.5 X 
R.L. and the rate of shrinking was meas- 
ured. 

In different experiments, 


1:500 tannic acid in R.L. In subsequent 
descriptions of chronic experiments, the 
concentrations of the tannic acid solutions 


F 
cells were 
mixed with equal volumes of 1:20,000—— 


refer to the concentrations of the solutions — 


that were mixed with the cells unless other- 
wise stated. Measurements were made at 
times varying from immediately after mix- 
ing the cells with the tannic acid up to 9 
hours after mixing. In some experiments, 
measurements were made the following 
day after the cell suspensions had been 
placed in the refrigerator overnight (in 


one experiment, a total of 28 hours after 
mixing the cells with the tannic acid—9_ 
hours in the refrigerator plus 21 hours at 


room temperature ). 
To avoid unnecessary details, table 1 
presents the averages of the times for one 


half the total deflection of the pen recorder > 


regardless of the concentration of tannic 
acid or the time of exposure of the cells 
to this solution. The first column of the 
table indicates the method and solution 


TABLE 1 


The effect of tannic acid on the permeability of chicken erythrocytes 


Time in seconds for 


Method Concentration No. of one half total deflection 
tannic acid experiments 
te ; de Control Experimental 
Hemolysis in water 1:10,000 14 19.8+0.2 
1:500 12 LOT 013 
Hemolysis in 1:20,000 
ethylene glycol 1:10,000 19 SYS) 5) =O) 4F/ Bo. e= O29 
1:5,000 
1:500 
Swelling in 
ethylene glycol 1:10,000 14 8.2+0.5 Oza 04 
Swelling in glycerol 1:500 9 258 252) 
ill 200 25 13 
Shrinking in 1:10,000 10 6.0+0.2 
ethylene glycol 1:5,000 ip (Osu OS) 
1:500 
Shrinking in glycerol 1:500 NG 20322 11 
22 246+ 14 
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TABLE 2 
The effect of tannic acid on the relative volumes (hematocrits) of chicken erythrocytes 


Concentration Hours of Hematocrit 
tannic acid exposure 
Control Experimental 

1:20,000 0 41.3 41.1 
4 43.2 41.7 

a 42.4 41.4 

1:10,000 (0) 40.9 40.3 
2 41.5 41.6 

Vi 47.0 49.4 

1:5,000 O XS} 7/ 42.5 
2 39.6 42.4 

4 39.2 42.8 

9 39.5 43.5 

22, 40.5 46.5 

26 48.3 50.4 

1:1,000 (0) 43.2 44,2 
D 44.4 43.6 

1:500 10) 44.2 47.6 
1% 43.0 46.9 

3 43.7 47.4 

1:500 (0) 29.2) 31.8 
ile SO Olt 

TABLE 3 


The rate of shrinking of chicken erythrocytes in 1.5 * Ringer Locke solution after previous 
equilibration in 0.6 M glycerol in Ringer Locke solution 


Time in seconds for 


Tannic acid | No. of one half total deflection 
concentration experiments t-values 
Control Experimental 
1:20,000 14 SPN ar 1s} 3 Nestea 2, 0.3 
1:20,000 13 226+8 
12 Prey pis 0.5 
1:10,000 9 QOZ=ES6 
11 188+7 15 
1:1,000 14 I3is6) 
is) 989+8 5.6 
1:1,000 10 188+7 
itil 243+9 4.7 
1:1,000 8 165222) 19O5ee 7, 4.2 
1:500 ve T8Oee 
12 2952215 5.8 
1:500 6 142+4 
3 205+4 tLe) 
1:500 9 140+3 
8 220+6 11.9 


used, the second, the concentrations of 
tannic acid to which the cells were ex- 
posed in the various experiments, the 
third, the number of experiments and the 
Ath and 5th, the times including the stand- 
ard errors of the means. In table 2 are 
volume measurements of these same cells 
after they had stood in the stock suspen- 


sions for different periods of time. The 
data in table 2 show that cells both in the 
presence of R.L. and in the presence of 
tannic acid in R.L. swell slightly (cf. 
Hunter et al., 56) but that there is no 
consistent difference between the volume 
changes of the control and experimental 
cells. 
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Fig. 1 The effect of 1:1000 tannic acid on 
the rate of shrinking of chicken erythrocytes in 
1.5 * R.L. following equilibration in 0.6 M glyc- 
erol in R.L. 1, control; 2, experimental. 


In view of the data in table 1, a more 
detailed study was made of the rate of 
shrinking in glycerol of these cells. These 
data are presented in table 3. The signifi- 
cance of the differences between control 
and experimental values was calculated 
using the t tables of Fisher. These values 
are included in the last column of the 
table. It can be seen that tannic acid in a 
concentration of 1:1000 or 1:500 very 
significantly slows the rate of exit of gly- 
cerol from these cells. A typical pair of 
curves is shown in figure 1. 
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Chronic experiments—rabbit blood 


Similar experiments were performed us- 
ing rabbit blood. These data, presented in 
table 4 show essentially no effect of tannic 
acid. The difference between the rate of 
shrinking in glycerol of the control and ex- 
perimental cells is only significant at the 
10% level. 


Chronic experiments—human blood 


Since Jacobs and Stewart (unpublished ) 
and Edelberg (’52) had found an effect 
of tannic acid on the rate of penetration 
of glycerol into erythrocytes of humans 
and pigeons under appropriate conditions, 
this point was checked using human blood. 
From table 5 it can be seen that glycerol 
enters and leaves human erythrocytes at — 
a rate very significantly different from 
control cells. To test whether or not this 
effect of tannic acid could be reversed, 
experiments were performed in which the 
stock suspensions were washed twice with 
R.L. and left in the refrigerator overnight. 
The rate of swelling in 0.3 M glycerol in 
R.L. was measured the next day. The 
average time in seconds for half the total 
deflection was 8.7 for 11 controls and 8.7 _ 
for 9 experimentals suggesting that the in- 
hibition had been reversed. 


Acute Experiments 


Since the Pennsylvania group had used 
the hemolysis technique, it seemed of in- 
terest to repeat some of their observations 
using the swelling and shrinking tech- 


TABLE 4 
The effect of tannic acid on the permeability of rabbit erythrocytes 


Time in seconds for 


(8) tration No. of half total deflecti 
Method ETAL Gs apap) SSRIS Coo: 
™ Control Experimental 

Hemolysis in water 1:500 2 2) 3 
Hemolysis in 1:500 2, 3 

ethylene glycol 3 3 
Hemolysis in glycerol 1:500 3 OM 38 
Swelling in 1:500 10 7.0+0.9 

0.3 M glycerol 9 6.3+0.8 

10 ANS Ua rau OES) 11@)al aes (0) 4) 

Swelling in 1:500 4 ioe = le, 

0.6 M glycerol 5 £552 ==1079 
Shrinking in glycerol 1:500 7.4+0.6 


= 
we CO 
© 
(os) 
+4 
(2) 
~] 
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TABLE 5 
The effect of tannic acid on the permeability of human erythrocytes 


Time in seconds for 


Concentration No. of i 
Method ooo esiace Es one half total deflection ‘value 
: Control Experimental 

Swelling in 1:1,000 26 10.60.45 : 

0.6 M glycerol 30 T6255 -=0073 6.9 
Shrinking in 1.5 x 

R.L. following 

equilibration in 1:1,000 36 6.4+0.26 

0.6 M glycerol : 32 


7.9+0.34 3.6 


niques and to extend these observations to 
a more detailed study of a possible effect 
of tannic acid on non-electrolyte permea- 
bility. Edelberg emphasized the problem 
of the loss of tannic acid by absorption on 
glassware. To avoid this loss he coated 
all of his glassware with silicone. His cell 
suspensions were placed in his densimeter 
only for a short time to measure his end 
point. In the present experiments the cell 
suspensions were in the densimeter for 
much longer periods of time in order to 
measure the whole course of the volume 
changes of the cells. Since it was imprac- 
tical to coat the chamber of the densi- 
meter with silicone, higher concentrations 
of tannic acid were used in the present 
experiments than in those of Edelberg. 
With this exception, Edelberg’s procedures 
were followed. In general, the erythro- 
cytes were washed twice with R.L. buf- 
fered with phosphate to pH 7.4 (as in 
Edelberg’s work—2% by volume M/8 
Na»-HPO.—NaH.PO, containing 6 xX 10° 
M NaHCoO;). Erythrocytes were then 
added to a solution of the penetrating 
molecule in the densimeter (control) or 
to the same solution containing tannic 
acid (experimental). A comparison of 
the rates of swelling of the cells in these 
two solutions should indicate whether or 
not the tannic acid had an effect on the 
rate of penetration of that molecule. Af- 
ter each record was obtained, the sus- 
ension was removed from the densimeter. 
fhe pH was measured, and the suspension 
centrifuged. The supernatant fluid was 
saved for subsequent measurement of the 
amount of hemolysis. The cells were then 
added to an appropriate dilution of R.L. 
(0.7-1.75 X R.L. depending on the con- 
centration of the penetrating molecule in 
the cells) in the densimeter and the curve 


showing the rate of shrinking was ob- 
tained. A comparison of these two curves 
should indicate whether or not the tannic 
acid had any effect on the rate of exit 
of the penetrated molecule. After each 
record was obtained, this suspension was 
removed, the pH measured, and the sus- 
pension centrifuged. This supernatant 
fluid was saved for determination of the 
amount of hemolysis. At this point an 
attempt was made to remove the tannic 
acid from the experimental cells. At first 
Edelberg’s method of using gelatin in R.L. 
(0.4 cm’ of 1% gelatin in R.L. added to 
10 cm’ R.L.) was tried. This treatment 
was quite effective in reversing the tannic 
acid effect (cf. fig. 5) but it also increased 
the fragility of both control and experi- 
mental cells (cf. Edelberg, 52, p. 536). 
Consequently in other experiments the 
cells were washed twice with R.L. which 
also was quite effective in reversing the 
action of tannic acid. In still other ex- 
periments the cells were not washed since 
the test solutions in the densimeter essen- 
tially served to wash the cells. 

Following one of these three treatments, 
the cells were again added to the solution 
of the penetrating molecule in the densi- 
meter and the rate of swelling was again 
measured. A comparison of the rate of 
swelling of the control and experimental 
cells should show whether or not the tan- 
nic acid effect was reversed. The sus- 
pension was again removed, the pH meas- 
ured, and the suspension centrifuged. 
This supernantant fluid was also saved 
for hemoglobin measurements. The cells 
were then added to the appropriate dilu- 
tion of R.L. in the densimeter and the 
rate of exit of the molecules was measured 
to see if the tannic acid effect on the rate 
of exit had been reversed. That is to say, 
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TABLE 6 


Summary of the acute experiments showing the effect of tannic acid on the 
permeability of erythrocytes 


Concentration eee te 
Type of Solution RL. tannic acid Comments 
erythrocyte first used Used foe (most concen- 
shrinking trated used ) 
i = 1:5 3 Lom Inhibition and reversal 
Human M/6 NH,Cl in R.L.-PO4 36 Similar 4c AEMOUT Cee 
less inhibition 
in R.L. ils) 3X >< AO Inhibition and reversal 
0.3 M glycerol in Sinner 
0.05 M erythritol pe OS Inhibition and reversal— 
in R.L. OF figs 
Rabbit M/6 NHiCl in R.L.-PO4 15) GralO ee Sepcey and reversal— 
g. 
0.3 M glycerol in R.L. ales) SZ 2 5— Too LOm Inhibition and reversal— 
fig. 3 
0.6 M ethylene SCOR Slight inhibition and _ re- 
lycol in R.L. Lom versal 
ae cel Ome Similar to fig. 2 but only 
very slight inhibition 
0.05 M erythritol 6< 1052 Inhibition and reversal 
That Jat by OLX Similar to fig. 5 but less 
inhibition 
Chicken 0.6 M ethylene Die Ome Slight inhibition and _ re- 
glycol in R.L. UN egAey Se versal 
Similar to fig. 2 but only 
very slight inhibition 
0.3 M glycerol in R.L. ox Cset0s- Inhibition and reversal— 
fig. 4 
Px Se INOS e 
the same cells were used for 4 measure- DISCUSSION 


ments in the densimeter. Tannic acid 
was present only in the solution used for 
the first of these 4 measurements. How- 
ever, the tannic acid had not been re- 
moved from the cells when they were 
added to the second solution. 

To simplify the presentation of the 
results, the types of experiments per- 
formed are summarized in table 6 and 
typical records are included in figures 2—5. 
In the legend of each of these figures are 
included the details of the procedures. 

It can be seen from table 6 that in 
every case studied, tannic acid in suffi- 
ciently high concentrations, decreased the 
rate of movement of molecules across the 
membrane of the three different types of 
erythrocytes. In general, higher concen- 
trations of tannic acid gave more inhibi- 
tion and the larger the penetrating mole- 
cule, the more obvious was the inhibition. 


Unfortunately, there are various factors 
which might lead one to question the 
interpretation of these results. The most 
disturbing of these is the tendency of 
tanned erythrocytes to agglutinate (see, for 
example, Edelberg, 52 and Feinburg and 
Flick, 54). With the concentrations of 
tannic acid used in the acute experiments 
the agglutination of the cells was very 
obvious. Hoffman (’52) has shown that 
changes in agglutination of a suspension 
of erythrocytes of various species and also 
the disc-sphere transformation (Hoffman 
et al., 55) can change the amount of 
light passing through a suspension of 
erythrocytes. Considering the chronic ex- 
periments first, the following microscopic 
observations were made. Stock suspen- 
sions of cells in R.L. and of cells in 1:500 
tannic acid in R.L. were prepared. A few 
aggregates of cells were observed in the 
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Fig. 2 The effect of tannic acid on the rate of movement of anions into and out of 
rabbit erythrocytes. (Final concentration of tannic acid = 6 x 10-32%.) 1, Rate of swelling 
of control cells in NH:Cl. 2, Rate of swelling of experimental cells showing inhibition due 
to tannic acid. 3, Rate of shrinking of controls. 4, Rate of shrinking of experimenials show- 
ing tannic acid inhibition. 5, 6, Swelling of control and experimental cells respectively 
showing partial reversal of tannic acid inhibition. 7, 8, Shrinking of contro] and experi- 
mental cells respectively showing partial reversal of tannic acid effect. 


ry 


1 cm? R.L.phosphate plus 9 cm? M/6 NH,Cl in R.L. plus 0.05 cm® erythrocytes. 


. 1 cm? R.L.phosphate plus 8 cm? M/6 NH,:Cl in R.L. plus 1 cm? M/6 NH,Cl in R.L. 
containing 0.6 mg tannic acid (total amount of TA.) plus 0.05 cm® erythrocytes. 


2 
3. 10 cm? 1.5 * R.L. plus cells from no. 1. 
4 


. 10 cm? 1.5 x RL. plus cells from no. 2. The cells from no. 3 and no. 4 were washed 


twice with R.L. 


10 cm? M/6 NH.Cl in R.L. plus cells from no. 3. 


10 cm? M/6 NH.Cl in R.L. plus cells from no. 4. 
10 cm? 1.5 X R.L. plus cells from no. 5. 
10 cm? 1.5 X R.L. plus cells from no. 6. 


CoP CSN 


tannic acid suspension. These suspen- 
sions were then diluted 1:100 (the dilu- 
tion used in the densimeter ). As was true 
with the more concentrated suspensions. 
there were a few aggregates in the con- 
trol and many more in the experimental 
suspension. The stock suspensions were 
then diluted 1:100 with 0.3 M glycerol in 
RL. and observed immediately after mix- 
ing and after a sufficient time interval for 
the glycerol to have entered the cells. The 
control solution had no aggregates at first 
and only a few after the cells had changed 
volume. In the experimental solution 
there were a few aggregates at first but 
the number of aggregates did not change 
after the cells had changed volume. 


Similar observations were made in all 
of the experiments in which 1:1000 tan- 
nic acid was used. The initial control and 
experimental stock suspensions were ob- 
served microscopically. Observations were 
also made on the stock suspensions of 
these cells mixed with 0.6 M glycerol in 
R.L. and also at the beginning and at the 
end of shrinking measurements in the 
densimeter. In one experiment, no ag- 
glutination was seen in any of the above 
solutions. In other experiments a few 
small clumps (no more than three cells 
per clump) were observed in the various 
experimental solutions. But the number 
of these clumps at the beginning and at 
the end of a swelling experiment were 
the same. These observations would sug- 
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Fig. 3 The effect of increasing concentrations of tannic acid on the permeability of 


rabbit erythrocytes to glycerol. 


15, Qmeand 35 control 
5, 13, rate of shrinking as glycerol leaves the cells. 
tannic acid final concentration. 3, 7,11, 15, 
concentration. 4, 8,12,16, experimental; 7.5 x 10~-?2% 


1,9, rate of swelling in glycerol; 
2,6,10, 14, experimental; 2.5 x 10-2% 
experimental; 5.0 x 10-2% tannic acid final 
tannic acid final concentration. 


1. 10 cm’ 0.3 M glycerol in R.L. plus 0.04 cm cells. 


Pe, 18) orane 


tannic acid plus 0.04 cm? cells. 
6h, (3) ren 

tannic acid plus 0.04 cells. 
ab, 7 (eins 

tannic acid plus 0.04 cm cells. 
5, 10,em* ds R.Le plus cells) trom no; 
6, 10cm? ko <x Ril plus cells: iromimno: 
7. 10 cm? 1.5 x R.L. plus cells from no. 
8. 10 cm? 1.5 x R.L. plus cells from no. 


pa So 


0.3 M glycerol in R.L. plus 1 cm® 0.3 M glycerol in R.L. containing 2.5 mg 
0.3 M glycerol in R.L. plus 2 cm? 0.3 M glycerol in R.L. containing 5.0 mg 


0.3 M glycerol in R.L. plus 3 cm® 0.3 M glycerol in R.L. containing 7.5 mg 


The following cells were not washed. The resuspension in 1.5 x R.L. and glycerol in 
R.L. served to pvartially reverse the tannic acid effect. 


9. 10 cm® 0.3 M glycerol in R.L. plus cells from no. 5. 
10. 10 cm® 0.3 M glycerol in R.L. plus cells from no. 6. 
11. 10 cm*® 0.3 M glycerol in R.L. plus cells from no. 7. 
12. 10 cm? 0.3 M glycerol in R.L. plus cells from no. 8. 
TmelOrem? 1:75 R.L. plus) cells) fromeno.9: 
14. 10 cm® 1.75 X R.L. plus cells from no. 10: 
15mvOmems. 1.75 < Rik. plus cells fromm no. 112 
16 lOkems 1575 x RL. plus cells trom now 12: 
gest that even though the tanned cells neither changes in agglutination nor 


might tend to form small clumps, a 
change in the degree of agglutination 
could not explain the light changes ob- 
served during the shrinking experiments. 
No change comparable to a disc-sphere 
transformation was observed in any of 
these suspensions. Another type of obser- 
vation also substantiates the idea that 


shape changes could account for the light 
changes in the densimeter. Figure 6 
shows records obtained when cells ex- 
posed to 1:1000 tannic acid and control 
cells are suspended in R.L. as compared 
with swelling in 0.3 M glycerol in RL. 
and shrinking in 1.5 X R.L. of the same 
suspension. It is difficult to understand 
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Fig. 4 The effect of tannic acid on the permeability of chicken erythrocytes to glycerol 
(final concentration of tannic acid = 1.8 X10-2% ). 1, Rate of swelling of control cells 
in glycerol. 2, Rate of swelling of experimental cells showing slight inhibition due to 
tannic acid. 3, Rate of shrinking of controls. 4, Rate of shrinking of experimentals showing 
inhibition. 5,6, Swelling of contro] and experimental cells respectively showing reversal of 
inhibition (larger deflection of pen recorder due to small amount of hemolysis resulting 
from increased fragility of cells). 7, 8, Shrinking of control] and experimental cells re- 
spectively showing partial reversal of inhibition (sensitivity of amplifier was decreased ). 

1. 10 cm? 0.3 M glycerol in R.L. plus 0.05 cm? cells. 

2. 7 cm? 0.3 M glycerol in R.L. plus 3 cm? 0.3 M glycerol in R.L. containing 1.8 mg. 

T.A. plus 0.05 cm? cells. 
3. 10 cm? 1.5 Xx R.L. plus cells from no. ile 
4. 10 cm? 1.5 X R.L. plus cells from no. Oh. 


The following cells were not washed: 
5. 10 cm? 0.3 M glycerol in R.L. plus cells from no. 3. 
6. 10 cm? 0.3 M glycerol in R.L. plus cells from no. 4, 
7. 10 cm? 1.5 x R.L plus cells from no. 5. 
8. 10 cm? 1.5 x RL. plus cells from no. 6. 


cause in many of the experiments in which 
the higher concentrations of tannic acid 
were used it was obvious from the rate 


how the small, random fluctuations in the 
R.L. could systematically change the 
much larger light changes observed in 


the other two solutions. 
Microscopic observations were not made 
of the cells in the acute experiments be- 


at which the cells settled out in the centri- 
fuge tubes that agglutination had_ oc- 
curred. That this could not account for 
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Fig. 5 The effect of tannic acid on the permeability of human erythrocytes to erythritol. 
(Final concentration of T.A. = 6 * 107?% ). 1, Rate of swelling of control cells in erythritol. 
2, Rate of swelling of experimental cells showing complete inhibition. 3, Rate of shrinking 
of controls. 4, Lack of shrinking of experimentals. 5,6, Swelling of control and experimental 
cells respectively showing reversal of inhibition. 

1. 10 cm? 0.05 M erythritol in R.L.—PO: plus 0.04 cm® cells. 

2. 9 cm* 0.05 M erythritol in R.L.—PO: plus 1 cm? 0.05 M erythritol in R.L._PO, containing 

0.6 mg T.A. plus 0.04 cm? cells. 
3. 10 cm? 0.7 X R.L.—POx: plus cells from no. 1. 
4. 10 cm? 0.7 & R.L.—PO; plus cells from no. 2. 
Cells washed with gelatin: 
5. 10 cm® 0.05 M erythritol in R.L.—PO: plus cells from no. 3. 
6. 10 cm? 0.05 M erythritol in R.L.—PO: plus cells from no. 4. 
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Fig. 6 A comparison of the light changes observed when chicken erythrocytes are sus- 
pended in different solutions. 1, 0.08 cm? experimental cells (1 : 1000 tannic acid) plus 
10 cm? R.L. 2, Same, except control cells. 3, 0.08 cm® control cells plus 10 cm? 0.3 M 
glycerol in R.L. 4, 0.15 cm® control cells in 0.6 M glycerol in R.L. plus 10 cm3 1.5 x RL. 


the differences in rate of the apparent unaffected by a concentration of tannic 
swelling and shrinking of the cells is sug- acid of 2.4 X 1072. This concentration 
gested by figure 7. Here it can be seen of tannic acid agglutinates the cells suffi- 
that the rate of movment of ethylene gly- ciently so that they settle out rapidly on 
col into and out of rabbit erythrocytes is standing. 
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Fig. 7 The lack of effect of agglutination o 
bit erythrocytes in ethylene glycol solutions. 


The observations mentioned above 
“make it possible to state that changes in 
the degree of agglutination during the 
course of the measurements in the densi- 
meter could not account for the observed 
differences in the light changes as re- 
corded in the densimeter between the con- 
trol and experimental cells. There is, 
however, another possibility. It might be 
assumed that agglutinated cells would 
have less surface area available for the 
diffusion of molecules into and out of 
them and this could explain the decrease 
in permeability observed with the experi- 
mental cells. If it is further assumed that 
an increase in the concentration of tannic 
acid would make less of the surface area 
available for diffusion, this could explain 
the observed increase in effect with in- 
creased concentrations of tannic acid. 
However, this could not explain the 
increased effect with larger penetrating 
molecules unless one were to make the 
unlikely assumption that that part of the 
surface containing the larger “pores” was 
being preferentially agglutinated. A much 
more plausible explanation would be that 


n the rate of swelling and shrinking of rab- 
1, Control cells swelling in 0.3 M ethylene 
glycol in R.L. 2, Cells agglutinated by 2.4 x 10°-°% tannic acid swelling in the same solu- 
tion. 3,4, Control and agglutinated cells shrinking in 1.75 x R.L. showing no effect of 
agglutination. 


tannic acid was effectively decreasing the 
size of the “pores.” This would be rela- 
tively more effective in slowing down the 
rate of penetration of the large molecules, 
which could enter originally through only 
4 small number of “pores,” than in slow- 
ing down the rate of penetration of the 
small molecules which could pass through 
many “pores.” 

As a final test of the effect of agglutina- 
tion per se on the rate of entrance of e- 
rythritol, the experiment shown in figure 8 
was performed. Curve 1 shows the rate 
of hemolysis of human erythrocytes (type 
A) in 0.2 M erythritol. Curve 2 shows 
the lack of effect of agglutination of these 
cells with anti-A serum on the rate of 
hemolysis in erythritol. These cells were 
sufficiently agglutinated so that they 
formed a solid mass after standing in the 
refrigerator over night. This mass was 
broken up before pipetting the cells into 
the densimeter. Curve 3 shows the in- 
crease in the time for hemolysis in the 
presence of 2.5 * 10-°% tannic acid and 
curve 4, the effect of 2.5 X 10°°% tannic 
acid. After 6 hours in the presence of 
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Fig. 8 A comparison of the effect of agglutination and of tannic acid on the rate of 
hemolysis of human erythrocytes in 0.2 M erythritol. 


its 
2. 
3. 


4, 


10 cm? 0.2 M erythritol plus 0.1 cm® cells. 

10 cm’ 0.2 M erythritol plus 0.1 cm? cells agglutinated with anti-serum. 

9.9 cm? 0.2 M erythritol plus 0.1 cm® 0.2 M erythritol containing 0.25 mg tannic acid 
plus 0.1 cm? cells. 

9 cm’ 0.2 M erythritol plus 1 cm? 0.2 M erythritol containing 2.5 mg tannic acid 
plus 0.1 cm® cells. 


TABLE 7 


Per cent hemolysis and pH of suspensions of rabbit erythrocytes at various 
stages during an experiment 


Supernatant fluid obtained by 7% hemolysis 7 pH 
centrifugation following: Control Experimental Control Experimental 
Initial swelling in 5 6 7.4 74 
M/6 NH3Cl in R.L.-PO4 5 4 Teas 7.4 
Initial shrinking in 5 4 7.9 Wail 
5 >< RL: 4 6 8.0 Test 
Second swelling in 4 3 7.4 Tis 
M/6 NH,Cl in R.L.-PO, 3 4 eo 7.4 
Second shrinking in 4 3 8.0 8.1 
Icey < datel Be 8 5 Tisvl Wied 
Initial swelling in 3 4 7.9 7.8 
0.3 M glycerol in R.L. 2 4 7.9 Hiatls 
Initial shrinking in 1.5 x R.L. 4 6 7.9 8.1 
Second swelling in 
0.3 M glycerol in R.L. 2; 4 8.1 8.1 
Second shrinking in 1.5 & R.L. 1 Ds Wi (ah 8.1 


Third swelling in 
0.3 M glycerol in R.L. D) 9 8.0 7.8 


Third shrinking in 1.5 & R.L. 8.2 8.1 


ie) 


. 
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this latter concentration of tannic acid 
the cells were so completely tanned that 
they could not be hemolyzed even in water. 

Another factor which might make the 
interpretation of the data difficult would 
be if considerable hemolysis occurred dur- 
ing the measurements in the densimeter. 
Data from typical experiments are shown 
in table 7. It can be seen that in every 
case there is a small amount of hemolysis 
but that there is no consistent difference 
between control and experimental cells. 
The last two columns show that there are 
no consistent differences in pH between 
control and experimental cells. 

In a few experiments in which high 
concentrations of tannic acid were used 
el.6 <x 10° *-1.0 xX 10 *)-there was con- 
siderably more hemolysis particularly dur- 
ing the initial shrinking in 1.75 =< R.L. 
which suggests that the experimental cells 
were more fragile (frail—cf. Hunter, 
53) than the controls. Even in these 
experiments, however, differences in rate 
of swelling of control and experimental 
cells could be observed. In these solutions 
(swelling) there was little difference in 
the amount of hemolysis in the control 


and experimental solutions. 


SUMMARY 


In spite of other possible explanations, 
the observations can best be interpreted 
by assuming that tannic acid affects the 
membranes of erythrocytes of human, rab- 
bit and chicken in such a way that the 
rate of entrance and exit of non-electro- 
lytes such as ethylene glycol, glycerol and 
erythritol is decreased. In general, higher 
concentrations of tannic acid are required 
to decrease the rate of movement of non- 
electrolytes than of anions. The effect is 
more apparent when the rate of movement 
of larger molecules is studied and higher 
concentrations of tannic acid have more 
effect than lower concentrations. These 
changes are easily partially reversed. It 
is interesting to postulate that in the pres- 
ence of tannic acid the structure of the 
proteins in the membrane is altered in 
such a way that the effective size of the 
“pores” in the membrane is reversibly de- 
creased. 
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CONCLUSIONS 


1. The permeability of human erythro- 
cytes to anions, glycerol and erythritol is 
reversibly decreased by tannic acid. 

2. The permeability of rabbit erythro- 
cytes to anions, ethylene glycol, glycerol 
and erythritol is reversibly decreased by 
tannic acid. 

3. The permeability of chicken erythro- 
cytes to ethylene glycol and glycerol is re- 
versibly decreased by tannic acid. 

4. The concentration of tannic acid 
necessary to change the permeability of 
these cells to non-electrolytes is higher 
than that necessary to change the perme- 
ability to anions. 

5. In general, higher concentrations of 
tannic acid decrease the rate of movement 
of non-electrolytes more than do lower 
concentrations. 

6. The decrease in permeability in the 
presence of tannic acid is more easily 
demonstrated using large molecules than 
using small ones. 

7. Although in the present experiments 
there was agglutination of the cells by 
the tannic acid, it is believed that this 
cannot explain the observed changes. 

8. In higher concentrations, tannic acid 
increases the fragility of erythrocytes. 
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Visual Responses in Crayfish 


I. RECORDING SHOCK RESPONSES TO LIGHT WITH 


REMOTE ELECTRODES '” 


GEORGE CAMOUGIS ? 
Biological Laboratories, 


As part of an extensive investigation of 
visual responses in crayfish of the species 
Orconectes virilis (Hagen), it was noted 
that shock responses occurred when the 
animals were suddenly illuminated. The 
term “shock response” is adopted from 
Wolf and Zerrahn-Wolf (36) who used 
these words in describing the  back- 
ward movement reaction of sunfish as the 
stimulus light was turned on. Crayfish re- 
spond by sudden changes in body tone or 
by movements of appendages. Since the 
study of visual responses included the tim- 
ing of electrical responses to illumination 
at various levels of the stimulus-response 
chain, it became desirable to have precise 
measurements of the latent periods of the 
Earlier studies on re- 
actions of aquatic arthropods to light 
(Stehr, 31) were restricted by limitations 
in the recording method. In the present 
study it was possible to make accurate re- 
cordings of shock responses to light from 
freely moving crayfish by using remote 
electrodes. 


MATERIALS AND METHOD 


Recording electrodes were made of 12- 
cm lengths of 8-gauge (0.128 in. diam.) 
copper wire. One end was flattened for a 
length of about 2.5 cm for greater area. 
The electrodes were insulated with several 
layers of quick-drying nail polish except 
for the flattened, recording ends and about 
9 cm of the opposite ends left bare for 
electrical contact. The experimental ani- 
mal was placed in a glass crystallizing 
dish about 19 cm in diameter. One liter 
of distilled water was added, making the 
depth of the water about 4.5 cm. This 
depth of water allowed a large crayfish to 
move about freely. The electrodes were 
clamped on a rod and lowered perpendicu- 
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larly into the water so that the recording 
ends were completely submerged but not 
in contact with the dish. Interelectrode 
distance was about 14 cm. The upper 
ends of the electrodes were then connected 
to a preamplifier. A cylinder 15 inches in 
diameter and 8 inches high was made of 
flexible frosted acetate sheeting cemented 
to a Lucite frame. The inverted cylinder 
was mounted over the crystallizing dish 
and electrodes (fig. 1). A large inverted 
cone section was suspended around the 
cylinder. Two lamp sockets were mounted 
above the cone and supplied with 110 v. 
D.C. Tungsten filament lamps of various 
wattages were used as stimulus lamps. 
The inside of the cone was painted white 
to reflect the light from the stimulus lamps 
overhead. The reflected light was further 
diffused by the frosted acetate cylinder 
The light was not uniformly bright around 
the entire circumference. However, the 
variation was not very great. Light in- 
tensity was measured with a Macbeth il- 
luminometer placed inside the acetate cyl- 
inder and aimed horizontally at the illum- 
inated cone. Table 1 shows the average 
luminance values in millilamberts (mL) 
for the light entering the cylinder when 
various light bulbs were used. The stimu- 
lating assembly, animal chamber, record- 
ing electrodes and a Grass P4 A.C. pre- 
amplifier were placed inside a shielded 
cage. The cage was closed and the ani- 
mal allowed to become dark adapted for 
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for the degree of Doctor of Philosophy at Harvard 
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CYLINDER 


CONE 
J er08 
PREAMPLIFIER 


“SHIELDED CAGE 


Fig. 1 


20-30 minutes. The output of the pre- 
amplifier was fed into a Dumont 322 
cathode ray oscilloscope (CRO). An audio 
system was used for monitoring. Records 
were made with a Grass kymograph cam- 
era. The stimulus lights were operated 
from a switch mounted on the control 
panel. The switching artifact that ap- 
peared on the CRO when the light was 
turned on was used as a marker for onset 


TABLE 1 


Luminance values of the stimulus lights 


Wattage of bulbs Luminance 


millilamberts 


Us) ey 
15 Deo) 
25 10.8 
40 15.6 
60 Sula 

100 51.8 
75 (Flood lamps ) 84.6 
150 
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CAMERA 


AUDIO 
SYSTEM 


CONTROL 
PANEL 


Diagram of apparatus. 


on illumination (see oscillograms). A 
photocell was later used to measure ac- 
curate corrections for the lag time between 
switching and onset of stimulus illumina- 
tion. All experiments were carried out at 
room temperature which varied from 
about 24 to 30°C. 


RESULTS 


When the animal placed in the dish was 
quiet, the baseline of the CRO was steady. 
Then, as the animal moved, deflections in 
the order of 50-100 uv could be readily 
detected. When the animal was very close 
to or in actual contact with the electrodes, 
the potentials could reach an amplitude 
of several hundred microvolts. Extensive 
slow oscillations of the surface of the 
water tended to generate corresponding, 
slow electrical deflections of the CRO. 
Usually, however, surface disturbance was 
minimal. 


Fig. 2 Oscillogram of shock response showing sustained response. The arrow indicates 


the onset of response. 
reproduction. 


The switching artifact has been slightly retouched for photographic 
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Fig. 3 The shock response consists of a vigorous initial response followed by relatively 
low activity. Magnitudes of time and voltage scales are the same as in figure 2. 


TABLE 2 


Data on shock responses 


Number Number of Per cent 


Luminance of tests responses responses 
mL 
ey, 11 4 36 
5.3 iY 8 47 
10.8 14 8 57 
15.6 7 3 43 
Silall 9 3 oo 
51.8 3) 4 80 
84.6 8 6 75 
121.0 4 3 795 
Totals 75 39 52 
2.6 
e 
w 2.4 
Eo 2 
z 
ie} 2.0 e 
Zo | ° 
WwW 
2 n a e 
(Ay {5 
Ls eS 
a 
1.4| 
e 
(e2) 
e 
1.0 
0.8 M 
0.6 3 : 
e e 5 
4 é e 
(e) e : 3 e ; . ; 
es m4 
0.2 Sy; _ H ce 
bbe A toe belied a Cant ae 
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LUMINANCE in mL 


Fig. 4 Graph of shock responses. 


Average 
resp. time 


sec. 
1.69 
0.91 
0.38 
0.23 
0,26 
0.20 
0.26 
0.22 
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After the animal was placed in the dish 
it moved about for a while, the activity 
being recorded very easily on the CRO and 
audio monitor. Almost all animals then 
became quiescent within a few minutes, 
perhaps moving only briefly a few times 
during the period of dark adaptation. 
When the light was turned on, the ani- 
mals usually showed a shock response, 
characterized by the sudden postural 
change described earlier. This was espe- 
cially noticeable on the audio system. The 
animals would sometimes show prolonged 
activity (fig. 2) or almost no continued 
activity (fig. 3) after the initial, vigorous 
response. In some cases the animal was 
not perfectly still before the stimulus and 
the baseline was therefore not absolutely 
fiat. In these cases it was often difficult to 
determine whether there had been a def- 
inite response. Only clear cut deflections 
above baseline level were considered as def- 
inite responses. Table 2 shows the data 
on shock responses. It is to be noted that 
only about one-half of the 75 stimulus situ- 
ations elicited a shock response. The more 
intense lights were generally more effec- 
tive in eliciting a response. The 39 definite 
responses were plotted to show graphically 
how response time varied as a function 
of luminance (fig. 4). 


DISCUSSION 


Evaluation of method. The potentials 
recorded from the freely moving crayfish 
were mainly muscle action potentials. 
They resemble the monophasic muscle ac- 
tion potentials recorded from crustacean 
muscle by others (DuBuy, °35; Wiersma 
and Wright, 47). By watching the animal, 
it was readily apparent that the potentials 
corresponded to movements of the body 
and appendages. Individual antennal 
movements could be recorded if the other 
appendages were still. Movements can be 
recorded from an animal in tap water but 
the potentials are attenuated because of 
the comparatively lower resistance path- 
way between the electrodes caused by the 
greater number of ions in tap water as com- 
pared to distilled water. When animals are 
placed in very weak saline solutions, the 
signals are almost shorted out completely. 
Practically no potentials can be detected 
unless there is actual contact between elec- 
trode and animal. There is no concern 
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over the problem of the polarization of the 
bare metal electrodes provided that fast, 
phasic transients without appreciable D.C. 
components are recorded. This method ap- 
pears to be a suitable way of getting in- 
formation on the movements of fresh 
water animals. The author has used it 
to record movements from fish, frogs, and 
aquatic insects. Essentially the same prin- 
ciples underlie the method used by Kleere- 
koper and Sibakin (756) in their investiga- 
tions of electrical potentials from sea 
lampreys. The method has the obvious ad- 
vantage of not requiring the attachment of 
electrodes and wires to the bioelectrical 
generator. At the same time there is a 
limitation in the ability to localize the elec- 
trically active site. On the whole, however, 
the method of remote electrodes is a use- 
ful one in recording qualitatively and to a 
lesser degree quantitatively a variety of 
bioelectrical events in fresh water media. 

Experimental results. Motor responses 
to sudden changes in illumination have 
been reported in clams (Hecht, °19), in 
barnacles (von Buddenbrock, ’30), in vari- 
ous aquatic arthropods (Stehr, *31), and 
in sunfish (Wolf and Zerrahn-Wolf, ’36). 
The clams respond to light by sudden con- 
traction of their siphons. The responses 
of the barnacles consisted of a withdrawal 
reflex as a sudden shadow interrupted the 
incident light. The responses appeared to 
be reflexive in the Crustacea and Hemip- 
tera tested by Stehr and consisted mainly 
of swimming movements. The shock re- 
sponses of the sunfish consisted of the 
backward movement reaction described 
earlier. All these responses appear to be 
generally related and are probably con- 
cerned with protection and escape. 

Table 2 indicates that two things are 
involved in these responses. These are the 
average response times and the percent- 
ages of responses for the various light in- 
tensities. An examination of figure 4 raises 
the question as to whether an average re- 
sponse time has any valid meaning in the 
tests involving the lower luminance values. 
It may not because the ranges are very 
large and the percentages of responses are 
low. However, there is a definite inverse 
relation between light intensity and re- 
sponse time at the lower luminance values. 
If the average response times are used, the 
Bunsen-Roscoe reciprocity relation does 


a 
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not apply to any part of the light intensity 
range as it does with the photochemical 
events underlying the responses of Mya 
(Hecht, °19, 21). Stehr (31) also found 
inverse relations between light intensity 
and reaction time in the 6 species of aqua- 
tic arthropods that he tested. He also 
concluded that the data did not follow 
any formula such as the Bunsen-Roscoe 
Law. Critical examination would undoubt- 
edly show that the reciprocity relation holds 
for the primary photochemical event un- 
derlying photoreception which then leads 
to subsequent response after a latent pe- 
riod. But to expect the reciprocity law to 
apply to total response times of the cray- 
fish and the aquatic insects is unreason- 
able because of so many factors that may 
influence the central nervous system which 
must mediate the responses. For example, 
the shortest response time (0.52 sec.) on 
the graph for 1.7 mL was produced by an 
animal that was hyperactive, as evidenced 
by constant movements during dark adap- 
tation. Such an animal could require less 
external stimulation to elicit a response. 
Stehr (31) also found large variabilities 
in the response times of all the species that 
he tested. He found Cambarus to be very 
variable and stated that it was often diffi- 
cult to judge when an animal responded. 
He got no responses from one-third of the 
tests at light intensities comparable to the 
lower values used in these experiments. 
This agrees with the present data which 
show the greatest ranges in response times 
and low percentages of response at the 
lower intensities. 

After the initial period of inverse rela- 
tion between light intensity and response 
time, the response times approach the 
Iuminance axis of the graph asympto- 
tically. The same is true with the re- 
sponses to visual stimuli in Mya (Hecht, 
719), Balanus (von Buddenbrock, 30), and 
man (Woodworth and Schlosberg, °54). 

_Figure 4 shows that about 15 mL is the 
critical intensity above which the response 
times show comparatively little variation. 
The range of all responses above tom 
is 0.13 to 0.46 seconds. The average re- 
sponse times are closely grouped from 0.20 
to 0.26 seconds (table 2). Most of the 
responses at the higher luminance values 
are undoubtedly reflexive startle responses 
with perhaps minimal response times in- 
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volved. One would expect response times 


to reflect the summed delays of the sen- 


sory, coordinating, and response mecha- 
nisms. There is great variability in reaction 
times not only in crayfish but also in other 
animals. For example, the responses of 
moths to ultrasonic sound take 75 to 262 
msec. (av. 139 msec.); roaches respond 
to air blasts in 28 to 90 msec. (av. 54 
msec.); bees may respond after 70 msec 
or take as long as 300 to 400 msec. in the 
tarsal flight reflex (Roeder, 59). The 
reaction times of humans to visual stimuli 
range from 130 to over 200 msec. and 
these vary with the psychological state of 
the subject (Woodworth and Schlosberg, 
54). Perhaps the reaction times are not 
merely the arithmetic sum of the sequence 
of all neural events in the stimulus-re- 
sponse chain. An analysis of the constitu- 
ent neural events underlying the startle re- 
sponse of the roach resulted in conclusions 
suggesting that different states of central 
adaptation may modify the response time 
(Roeder, 59). A similar analysis was made 
at various levels of the stimulus-response 
chain in crayfish and it was found that the 
central nervous system had a labile in- 
tegrative role in mediating visual responses 
(Camougis, in preparation). With the de- 
gree of neural complexity involved in the 
reactions discussed above, it is not surpris- 
ing that reaction times cannot be predicted 
merely by knowing the summation of the 
times required for the neural events under- 
lying the reactions. After all, the super- 
sedure of automaticity is the intriguing at- 
tainment of the more advanced nervous 
systems. 
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Spontaneous Electrical Activity in the Crayfish 


Central Nervous System' 


JOSEPH K. HICHAR? 
Harvard University, 


Crayfish central nervous system ganglia 
have proved to be suitable preparations for 
the study of certain nervous phenomena. 
Since the discovery of spontaneous elec- 
trical activity in these ganglia by Prosser 
(34), our knowledge of synaptic trans- 
mission and drug actions has increased 
considerably, but in spite of the substantial 
amount of work done with this preparation 
some parameters which might influence its 
spontaneous activity have not been investi- 
gated. Also, with the substantial back- 
ground of studies of effects of drugs on 
this preparation, it was decided that in- 
vestigations of some drugs which have 
more recently gained neurophysiological 
significance would be desirable. ‘Those 
drugs and parameters which were studied 
and are reported here follow. 

1. Effects of serotonin and related drugs. 
Evidence is mounting implicating sero- 
tonin (5-HT) as a neurohumor involved 
in synaptic transmission (Florey and 
Florey, 54; Welsh, 57). Its transmitter 
role in Crustacea was first proposed by 
Florey and Florey (53, 54) in studies 
involving extracts of nervous tissue which 
contained an active principle which re- 
acted similarly to 5-HT. It was found to 
excite crustacean hearts (Florey and 
Florey, 54; Welsh, ’57) and proprioceptors 
in legs and abdomens (Florey, 54). It was 
decided therefore to study the effects of 
5-HT on the spontaneous electrical activity 
~of the abdominal ganglia of crayfish. 

Also studied in this connection were the 
effects of lysergic acid diethylamide (LSD), 
4 relative of 5-HT which is both a mimetic 
and an antagonist in invertebrates (Welsh, 
54, °57) and vertebrates (Woolley, 55). 
Iproniazid, which was found to be an antl- 
amine oxidase (Zeller et aleeo2s Shore et 
al., 57; Spector et al., 58), was also in- 
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vestigated to determine a possible con- 
nection with 5-HT. 

2. Effects of gamma-aminobutyric acid, 
beta-alanine and picrotoxin. Gamma- 
aminobutyric acid (GABA) imitates the 
action of inhibitory neurones in crayfish 
(Edwards and Kuffler, 57) and upon in- 
jection into the animal results in flaccidity 
(Bazemore et al., 56). Picrotoxin antago- 
nizes this effect (Bazemore et al., 56; 
Florey, ’57b; van der Kloot et al., 58) al- 
though Schallek and Wiersma (748) ob- 
served no effect on synaptic transmission 
using 2.5 X 10°* M picrotoxin. Bazemore 
et al. (56) reported beta-alanine to have 
effects similar to those of GABA on the 
crayfish stretch receptor but to be 1/20 as 
active. The effects of GABA were studied 
along with picrotoxin and beta-alanine to 
determine the possible inhibitory neuro- 
humoral role of GABA. 

3. Effects of dimethylaminoethanol, pos- 
sible precursor of acetylcholine. Pfeiffer 
et al. (57) have presented evidence im- 
plicating dimethylaminoethanol (DMAE) 
as a precursor of acetylcholine (ACh). 
They found that in man 10 to 20 mg per 
day caused mild central nervous stimula- 
tion, whereas 10 gm per day of choline, 
the supposed precursor, resulted in no 
stimulating action whatever. If it is a pre- 
cursor of ACh in the crayfish, one might 
detect increased activity upon the applica- 
tion of DMAE if the system under study is 
a cholinergic one as appears to be the 
case from the indirect evidence. This was 


1 This paper is extraced from the Ph.D. thesis, 
Spontaneous electrical activity in the crayfish cen- 
tral nervous system, Harvard University, 1958 and 
was supported in part by research fellowship BF- 
7367 from the National Institute of Neurological 
Diseases and Blindness, Public Health Service. 

2 Present address: Department of Biology, Par- 
sons College, Fairfield, Towa. 
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investigated together with a restudy of 
ACh, its mimetics and cholinesterases. 

4. Variation of ACh content in nervous 
system and correlation with spontaneous 
activity. It had been reported that varia- 
tions in the ACh content occurred in the 
crayfish nervous system, there being three 
times more ACh present in the spring than 
in the fall (Smith, 39). This is an ex- 
tremely interesting observation and de- 
mands attention if ACh has a function in 
the crayfish similar to that in the verte- 
brates. Colhoun (758) recently found a 
correlation between nervous activity and 
the amount of ACh in the cockroach. Van 
der Kloot (’55) found spontaneous activity 
and cholinesterase (ChE) content in the 
Cecropia larval brain were closely cor- 
related and that they varied with stages in 
the life cycle. The possibility of such a 
correlation between electrical activity and 
ACh content was studied here. 

An additional attempt to tie in electrical 
activity with ACh content was made by 
correlating the ACh content as found by 
bioassays with the activity in nerve cords 
which had different levels of electrical 
activity. 

5. Other parameters. As the size of 
crayfishes increases so do the nerve cords 
and ganglia increase, and presumably the 
fibers comprising the cords likewise in- 
crease. If this is so one might find pro- 
portionately more activity in the larger 
animals since more fibers would have large 
enough action potentials which would be 
felt above the noise level of the recording 
system. This possibility was investigated 
along with the effects of physical condi- 
tion, sex, aggressiveness, season, labora- 
tory temperature and length of time of re- 
cording. 


METHODS 


Electrical recordings of spontaneous ac- 
tivity were from the isolated 5th abdominal 
ganglion of the crayfish, Orconectes virilis. 
Modified ruling pen electrodes clamped the 
connectives on both sides of the ganglion 
which was held below the connectives by 
a glass hook, the whole assuming a “V”- 
shape. This minimized changes in levels 
of electrical activity due to the mechanical 
stimulation involved in traversing an inter- 
face between water and oil. A Stender 
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dish containing van Harreveld’s solution 
(VH) (van Harreveld, ’36) with a layer of 
light mineral oil on top was placed on a 
variable-height stage, and the preparation 
immersed in it. When it was desired to 
record, the stage was lowered, thus moving 
the ganglion from the VH into the oil 
phase. 

The electrical activity was led through 
the push-pull circuit of a pre-amplifier 
which was located in a shielded cage along 
with the preparation and fed simulta- 
neously to a cathode-ray oscilloscope, a 
tape recorder, an audio-amplifier, and an 
electronic scaler. From the scaler the sig- 
nals were fed through an integrator, a 
special circuit which was necessary to 
modify the time characteristics of the in- 
tegrator, and finally into a graphic am- 
meter. Tape recordings were made so that 
counts of electrical activity at specific in- 
tervals in different animals could later be 
compared. 

After mounting the preparation in the 
electrodes, the activity was recorded for 
one minute and the preparation then im- 
mersed in VH for at least ¥% hour to allow 
the initial injury activity (immediate ac- 
tivity) to wane. It was found that after 
this period of time activity was stabilized 
for at least 10 hours. Since most experi- 
ments took considerably less time than 
this, it is reasonable to assume that the 
activity of the preparation did not fluctuate 
due to injury. After the /2-hour rest period, 
the preparation was raised into the oil 
phase and the activity recorded for one 
minute. This was considered to be the 
control for the subsequent recording which 
took place immediately after immersing 
the ganglion in the test solution. This re- 
cording of activity was normally conducted 
for about three minutes after which the 
cord was rinsed in VH. After being in the 
rinse for about 5 minutes, the preparation 
was immersed in fresh VH and after at 
least 10 minutes the procedure was re- 
peated. 

In the studies of animal size, physical 
condition and variation of ACh content 
on spontaneous activity, similar sections of 
tape-recorded activity were compared. 
These sections were of normal activity, 
which was defined as that activity follow- 
ing the first VH rinse after the immediate 
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activity. The base-line of noise level in 
each preparation was determined by mak- 
‘ing the preparation electrically silent by 
immersion in 3 M KCl upon completion 
of the experiment. 

The studies concerned with the time of 
year and its effect on spontaneous activity 
were conducted in two ways. In the first, 
crayfish were trapped once a month 
throughout the year and brought back to 
the laboratory as soon as possible where 
the normal electrical activity of the 5th 
abdominal ganglion was recorded. In the 
second approach, animals were maintained 
in aquaria in the laboratory and the month 
they were used for experimentation was 
recorded along with their levels of normal 
activity. 

The bioassays for total ACh content of 
the ganglia and nerve cords were con- 
ducted on the heart of Venus mercenaria. 
The clam heart preparation was made and 
set up according to the method of Welsh 
and Taub (748). After arranging the heart 
in the chamber, a 10°’ M LSD solution 
was placed in the chamber and the heart 
contractions allowed to reach their max- 
imum amplitude. Meanwhile the electrical 
activity of the nerve cords or 5th abdom- 
inal ganglia was recorded. The cords were 

- then weighed and placed in 1 or 2 cm’ of 
hot VH to destroy the ChE present. The 
tissue was kept at about 100°C for 10 
minutes and then homogenized. Dilutions 
were then made of the homogenate and 
these were applied to the Venus heart and 
the depression of amplitude noted. These 
depressions were then matched with de- 
pressions caused by the addition of known 
concentrations of ACh. 

Experiments were conducted at room 
témperature which normally varied from 
24 to 27°C. The pH of the VH normally 
was close to 7.0, ranging from 6.5 to 7.8. 
In those cases where test substances in- 
creased the pH above this range, the solu- 
tion was brought to 7.0 by the addition 

of HCl. 


RESULTS 


Using the normal activity in the last 
100 experiments in this series it was found 
that the average number of impulses re- 
corded from the ganglion was 57/sec. with 
a minimum of zero and a maximum of 
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447/sec. (Hichar, 60a). Size of the ani- 
mals, as well as their sex, time of the 
year, stress, aggressiveness, length of time 
from which recorded and laboratory tem- 
perature appeared not to have a significant 
influence on the frequency of firing. That 
is, the variation that normally is evident 
in spontaneous activity from animal to 
animal was sufficiently great that no effect 
of these factors could be detected. (Sta- 
tistical details can be found in the thesis. ) 

Although Roeder (41) reported steady 
levels of activity in 90% of his crayfish 
abdominal nerve cord preparations, it was 
found not infrequently that when the 
graphic ammeter chart speed was in- 
creased sufficiently, a rhythmicity of the 
spontaneous activity could be detected as 
illustrated in figure 1. The records in the 
figure show the levels of spontaneous ac- 
tivity for one minute in 4 different prepa- 
rations. In A one can see rhythmical in- 
creases in spontaneous activity occurring 
at arate of 8/min. In B the rhythmicity is 
half that or 4/min. In C it is 5/min., and 
in D, 2/min. 

The effects of the various drugs tested 
are shown in table 1. The threshold and 
inhibitory concentrations and reversibility 
given were what most preparations showed. 
Occasionally a preparation would have a 
threshold up to 100 times that of the aver- 
age; on the other hand, at times one 
would be completely unresponsive. In gen- 
eral, concentrations tested were no greater 
thane! Oneal: 

The variation in levels of spontaneous 
activity of the 5th abdominal ganglion of 
the crayfish was recorded from 10 animals. 
The cords used in these experiments were 
then separated according to the amount of 
activity into three groups: (1) those with 
low activity, (2) those with high activity, 
and (3) those which were intermediate. 
Bioassays on the Venus heart revealed that 
it was not possible to distinguish different 
amounts of ACh in these three groups of 
nerve cords. The difference between the 
average counts of the highest and lowest 
groups was 5,300 action potentials /min- 
ute. Yet their levels of ACh were essen- 
tially the same, about 6 gamma/gm tissue, 
ranging from 4.97 to 8.5 gamma/gm (fig. 
2A). Observations on 4 similar experi- 
ments gave comparable results. 
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Fig. 1 Various rhythms of nervous activity superimposed on normal levels of _spon- 
taneous activity. Vertical lines delineate Ye minute intervals. A, 8/minute; B, 4/minute; 
C, 5/minute; D, 2/minute. 


TABLE 1 


Effects of selected substances on spontaneous activity 


Substance Threshold Inhibitory 


concentration concentration Reversibility 
M M 

5-HT 10-2 i ? 
5-HT and Iproniazid 10-2 ie ? 
LSD 10-5 TOR? No 
GABA ? 3 ? 
Beta-alanine 10-4 10-2 No 
Picrotoxin Om? 1Os4 No 
DMAE Om te No 
ACh-Cl 10ms 2 Yes 
ACh-Br 10-8 4 Yes 
Nicotine 10-8 10=# Yes 
Pilocarpine 10-5 ? Yes 
Eserine 1058 1073 ? 


Prostigmine Ome ? & 
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Fig. 2 Kymograph records of contractions of clam h 
A, Nerve cord with “normal” level of spontaneous activity. 
Arrows pointing downward indicate periods of rinsing in sea water. 


ward indicate additions of various concen 
extract. 


Bioassays for ACh in three other cords 
with little activity gave extremely inter- 
esting results. Bioassays were done: (1) 
on a cord which had very little activity 
at the start (fig. 3A), (2) on one which 
had rapidly decreasing activity (fig. 3B), 
and (3) on one in which activity decreased 
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earts used in bioassays for ACh. 
B, Electrically “silent” nerve cord. 
Arrows pointing up- 


trations of ACh or various amounts of nerve cord 


at a slower rate (fig. 3C). The amount of 
ACh assayed in the cords was 0.001 
gamma/gm tissue in (1) 0.0007 gamma/ 
gm tissue in (2), and 0.0016 gamma/gm 
in (3) as shown in figure 2B. Since nerve 
cords with normal activity were found to 
have an average of 6 gamma ACh/gm tis- 
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nerve cords. 


Records should be read from right to left. 


6 LSD 


Fig. 3 Records of integrated spontaneous activity in three low activity or 


“silent” 
Full scale in A is 2,000 impulses/ 


minute; in B and C, 20,000 impulses/minute. Vertical lines delineate one minute periods of 


recording. 


“Immed. » shows activity recorded immediately after isolation of the ganglion; 


VH indicates rinsing in van Harreveld solution for 30 minutes; 6 LSD indicates activity 
recorded after immersion of the ganglion in 10-*M LSD solution. 


sue and these low activity cords had 0.001 
gamma/gm on the average, there appar- 
ently was 6,000 times less ACh in those 
cords with little activity than in the cords 
with “normal” activity. 

The electrical activity which was evident 
during the periods when it was recorded 
from these cords appears in figure 4. In 
figure 4A, one sees very little activity above 
the noise level. This activity averaged 
about 150 impulses/minute. In figure 4B 
the activity declined very rapidly during 
the immediate activity from a high point of 
about 5,000 counts/minute at the outset 
to about 200 impulses/minute one minute 
later. In figure 4C the activity at first in- 
creased to about 5,500 counts/minute, 
then dropped to 1,800/minute after 30 
minutes in VH, and to about 100 impulses/ 
minute one minute later. In “normal” cords 
containing 6 gamma ACh/gm it was not 
possible to distinguish different amounts 
of ACh in those where the rate of firing 
varied from an average of 13,700 impulses/ 
minute to 19,000 with a mean of 15,000. 
In the low activity cords it appeared there 
was 6,000 times less ACh and their aver- 
age rate of firing was 466 action potentials / 
minute (these cords varied from 108 to 
930 counts per minute at the point when 
the bioassays were undertaken). It thus 
appears that with 30 times more electrical 


activity, normal cords had 6,000 times 
the ACh content of these three low activity 
cords. 


DISCUSSION 


Since no significant differences existed 
in the spontaneous activity of the isolated 
ganglia of animals differing in size, sex, 
physical condition, and aggressiveness and 
since time of year and temperature (within 
certain limits) did not significantly affect 
the electrical activity, it meant that all 
results obtained could be fairly compared 
with each other; that is, it was not neces- 
sary to take these factors into account in 
studying records of activity obtained. 

The rhythmicity in the spontaneous ac- 
tivity always involved several cells. The 
rate varied and a correlation with behav- 
ioral or physiological phenomena was not 
possible. This rhythmicity is probably a 
reflection of an internal functional or 
chemical process associated with metab- 
olism. The location of the cord in the body 
in very intimate contact with its environ- 
ment (blood) as well as its sensitivity to 
chemical conditions prompts this sugges- 
tion. 

The results with 5-HT were inconclusive. 
In two experiments it excited; in 6 it 
had no effect. After pre-treatment with 
iproniazid no change in spontaneous activ- 
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Fig. 4 Photographs of the electric 


three “silent” preparations with low activity illus 
100 msec. Other legends same as in figure 3. 


ity was detected. Burgen and Kuffler (757 ) 
observed that 5-HT inhibited the cardiac 
ganglion of Limulus, whereas Welsh (’57 ) 
reported that it excites the isolated heart 
of Cancer and Florey (54) found that it 


se 


al activity seen on the oscilloscope screen from the 


trated in figure 3. Calibrations: 20 pVv., 


increases the discharges of crustacean pro- 
prioreceptors. The lack of effect of 5-HT 
on spontaneous activity observed in the 
majority of experiments reported here 
does, however, attain additional signifi- 
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cance by the recent observations of Welsh 
(personal communication ) who has found 
no evidence of the presence of 5-HT in the 
lobster central nervous system. An indole 
amine, similar to 5-HT, may be present in 
the modified neurones of pericardial organs 
(Carlisle, 56) and be involved in neuro- 
humoral activity, but this must be borne 
out by analytical determinations. The fact 
that two of the preparations responded at 
rather low concentrations (10°°M) of 
LSD strengthens the suggestion that per- 
haps a substance similar to 5 HT is present 
and is involved in spontaneous activity. 

After LSD treatment, individual fibers 
often began to fire repetitively. This sug- 
gests an influence on synaptic transmission 
since when this did occur fibers having 
nearly the same size potentials were in- 
volved. The implication that these fibers 
are physiologically connected in a com- 
munication system involving LSD or an 
LSD-like substance seems reasonable when 
one recalls that the general level of activity 
remained the same during these bursts. 

It seems very unlikely that GABA would 
have a general neurohumoral role in the 
crayfish as suggested by Florey (’57a, 
°57b) since no effect was obtained here. 
Its central effects appear to be quite dif- 
ferent from those at the periphery (Ed- 
wards and Kuffler, 57). Similarly, beta- 
alanine has different effects peripherally 
(Bazemore et al., 56) from those observed 
here. Perhaps GABA is a precursor of the 
inhibitory transmitter as proposed by 
Hayashi (758), or perhaps it, or a similar 
substance, might be an inhibitory neuro- 
humor at some peripheral synapses but 
not in the central nervous system. 

The great excitatory effect of picrotoxin 
on spontaneous activity strengthens the 
view that it may compete with an inhibi- 
tory synaptic transmitter for a receptor 
site, (van der Kloot et al., 58) and thus 
enhance activity. This hypothesis appears 
particularly attractive since in some experi- 
ments picrotoxin seemed to affect only par- 
ticular fibers. This possibility is being in- 
vestigated using the technique of pulse 
height analysis (Hichar, 60a). Attempts 
to show GABA-picrotoxin antagonism in 
the central nervous system were unsuccess- 
ful (Hichar, 60b). This makes more un- 
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likely a central inhibitory neurohumoral 
role for GABA. 

Confirmation of the results of Roeder 
and Roeder (’39) on the spontaneous ac- 
tivity of cockroach cords and of Prosser 
(40) on crayfish nerve cords and Maynard 
(55) on lobster cardiac ganglia of the 
effects of ACh, appears again to indicate 
the impenetrability and instability of this 
ester. It should be noted, however, that 
slightly lower thresholds were found in the 
work reported here. That similar effects 
were obtained here and in cockroach nerve 


) 


cords is interesting in view of the fact that. 
the sheath of cockroach cords has been | 


found to be a diffusional barrier for potas- 


sium and sodium ions and ACh (Twarog. 


and Roeder, 56). However, in several ex- 


periments (although not with ACh) in. 
which the cellular sheath of crayfish cords 


was removed, this investigator could de- 
tect no difference in the reaction toward 
applied substances whether the sheath was 
intact or removed. Very few experiments 
were done, making this inconclusive and 
worthy of repetition. The crayfish nerve 


cord preparation is, however, generally be- 
lieved to be more sensitive than that from. 


certain insects to some chemical changes 
in the environment and there is some evi- 
dence for this (Gaudin, 37; Welsh, un- 
published data). The work reported here 
also supports this observation. At any 
rate, even after desheathing cockroach 
cords the concentration of ACh necessary 
to give definite effects was so large as to 
be outside the physiological range (Twarog 
and Roeder, 57). The fact remains that 
the lack of any appreciable effect of applied 


ACh in physiological ranges must be ex-. 


plained. An explanation which has a 
precedent in mammals is described by 
Eccles (’57). A presumed cholinergic 
Junction of motor axon collaterals with 
Renshaw cells in the cat is not affected by 
ACh (or prostigmine). In this case Eccles 
States that the reason may be that these 
compounds do not penetrate through the 
blood-brain barrier. Further, the fact that 
ACh and prostigmine are quarternary am- 
monium compounds which penetrate mem- 
branes with difficulty helps to account for 
their ineffective action. It may be that for 
this reason no effect is detected with phys- 
iological concentrations of ACh. 
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The mimetics of ACh tested here, that is 
nicotine and pilocarpine, gave comparable 
results at slightly lower concentrations 
than those published by Roeder and Roeder 
(39) and Prosser (’40). The anti-cholin- 
esterases, eserine and prostigmine, caused 
excitation at substantially lower concen- 
trations (about 1,000 times in the case of 
eserine ) than reported by others. The fact 
that the effects of prostigmine closely re- 
semble those of eserine except the whole 
being displaced toward higher concentra- 
tions also illustrates the difference between 
the diffusion through membranes of ter- 
tiary amines (eserine) and quaternary 
amines (prostigmine and ACh). That pro- 
stigmine is reported to have direct cholin- 
ergic action (Riker et al., 46) was not indi- 
cated in these experiments. All this indi- 
cates, together with the other evidence 
concerning the presence of ACh and AChE 
that a functioning cholinergic system oc- 
curs in the crayfish central nervous system. 

DMAE was seen to give an effect very 
much like that of ACh but at slightly 
lower (10 times) concentrations. The 
greater effect would be expected since it, 
like eserine, is a tertiary amine and is 
known to get past the mammalian blood- 
brain barrier (Pfeiffer et al., 57) where- 


-as ACh does not penetrate the blood- 


brain barrier (Eccles, °57). The en- 
hancement of spontaneous activity by 
DMAE suggests that it may be involved 
in ACh synthesis. The evidence for such 
a role for DMAE in crayfish is certainly 
stronger than it is for choline since Ellis 
et al. (42) found no effect with concen- 
trations of up to 2% choline on crayfish 
neuromuscular transmission. It is possible 
that the synthesis of ACh proceeds along 
more than one pathway. DMAE may be in- 
volved in one of these, with choline per- 
haps involved in another. 

The bioassays for ACh content in cray- 
fish nerve cords were indeed interesting. 
Figures given in the literature vary a good 
deal. Jullien and Vincent (38) found 
up to 20 gamma ACh/gm tissue in the 
ventral nerve cord of Astacus. Smith (39) 
found 14 gamma/gm in the fall and 45.8 
gamma/gm in the spring in the ganglia 
of Cambarus and 3.2 to 5 gamma/gm to 
12.6 gamma/gm in nerve fibers in the 
fall and spring respectively. Schallek 
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(45) found 14.4 gamma total ACh/gm in 
the ventral nerve cord of Cambarus. 
Tobias et al. (46) found 28 gamma free 
ACh/gm tissue in the thoracic nerve cord 
of Cambarus. I found an average of 6 
gamma total ACh/gm tissue in normal 
nerve cords. The variations can be ac- 
counted for by differences in the methods 
of extraction and assay, species and time 
of year. 

The tremendous difference between total 
ACh content of normal nerve cords and 
those of the relatively inactive cords 
(6,000 times difference) is difficult to ex- 
plain. This is especially so when it is 
recalled that both these groups of animals 
appeared completely normal behaviorally. 
It may be that in some animals the opera- 
tion involved in isolating the ganglion 
causes the immediate release of most of 
the ACh so that the supply is greatly de- 
pleted by the time the bioassays were made. 

In several preparations which had a 
very low or silent level of activity at the 
start, this author found that after one hour 
the level of activity slowly increased at a 
fairly constant rate. This would indicate 
if ACh is the transmitter responsible that 
there is indeed synthesis of the ester. Syn- 
thesis of ACh has been reported by Walop 
(750, 51) in Carcinus and Easton (’50) in 
crayfish nerve cords. Frontali (’58) re- 
cently reported synthesis of ACh in house- 
fly heads and cited other work indicating 
similar syntheses in bee heads and blowfly 
heads. In view of these results, and the 
correlation between electrical activity and 
ACh content found here and similar 
results reported by Colhoun (’58) in cock- 
roaches, and the correlation between cho- 
linesterase and electrical activity found in 
Cecropia larvae by van der Kloot (’55) it 
appears that arthropod nerve cords do syn- 
thesize ACh. 

The fact that no significant differences 
were evident in the levels of spontaneous 
activity recorded from freshly caught ani- 
mals at different times of the year is quite 
understandable. It was seen that animals 
with 30 times more electrical activity also 
had 6,000 times more ACh. Smith (39) 
showed that the ACh content varied from 
45.8 gamma/gm in spring to 14 gamma/ 
gm in fall. Therefore, these studies at- 
tempted to distinguish a difference in elec- 
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trical activity between one group of nerve 
cords having three times the ACh content 
of another. If one uses this figure, it ap- 
pears that the attempt was made to show 
a difference in electrical activity in nerve 
cords amounting to 0.015 of other nerve 
cords. It is very unlikely, in view of the 
normal range of spontaneous activity, that 
differences in electrical activity due to 
seasonal variations in ACh content could 
be shown in this way. 


SUMMARY AND CONCLUSIONS 


A study of the spontaneous electrical 
activity of the 5th abdominal ganglion of 
the crayfish revealed the following: 

1. The average rate of action potentials 
generated in this ganglion is 57/sec. with 
extremes of 0 and 447/sec. 

2. The level of spontaneous activity in 
different animals varied sufficiently to indi- 
cate no significant differences in levels of 
spontaneous activity in animals of dif- 
ferent size, sex, and aggressiveness, and 
the time of year, stress, length of time 
from which recorded and laboratory tem- 
perature. 

3. Rhythmical cycles of increased activ- 
ity which varied from 2/min. to 12/min. 
sometimes occurred superimposed on the 
normal level of activity. 

4. Results of other workers using ACh 
and related compounds were confirmed. 
DMAE gave effects resembling those of 
ACh, which indicates a possible role as 
precursor for the latter substance. 

5. Serotonin was found to be inactive 
at physiological concentrations in the 
majority of experiments. LSD had a 
threshold of 10~-° M, which lends credence 
to the possibility that an indole amine 
other than serotonin may be involved in 
spontaneous activity. 

6. GABA had no observable effect on 
spontaneous activity. Beta-alanine and 
picrotoxin both caused excitation, the 
threshold of the former was 10°*M and 
that of the latter was 10-*M. No picro- 
toxin-GABA antagonism was demonstrable. 

7. ACh content of abdominal nerve 
cords of completely normal-appearing ani- 
mals was found to vary by as much as 
6,000 times. Most cords had 6 gamma 
ACh/gm tissue but three cords, also from 
“normal” animals had 0.001 gamma/gm 
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tissue. Electrical activity was found to 
vary by as much as 30 times. A correla- 
tion was evident between ACh content and 
electrical activity, which implies a cholin- 
ergic neurohumoral system. 
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One of the fundamental problems of 
radiation biology is concerned with sensi- 
tivity differences among organisms. Ex- 
posure doses fatal for all members of 
one genus often permit a high percentage 
of survival of another (Bacq and Alex- 
ander, 55; Hollaender, 54). Differences 
in radiosensitivity at the intrageneric 
level are also known. To illustrate, Pelo- 
myxa illinoisensis is about 10 times as 
radiosensitive as Pelomyxa carolinensis 
(Daniels, 55). It is further true that 
strains of a single species differ in this 
respect; a notable example is the radia- 
tion-resistant mutant, Escherichia coli 
B/r (Witkin, 46, 47). 

Compared with other phyla, protozoa 
are relatively insensitive to the killing ac- 
- tion of ionizing radiation (Wichterman, 
57); and, among the protozoa, the ciliates 
are in general more radioresistant, al- 
though exceptions are known (Williams, 
°58). A number of reports indicate that 
Tetrahymena pyriformis is such a resist- 
ant ciliate (Ducoff, 56; Elliott and Clark, 
56). Several factors warrant the use of 
this species in the study of radiation ef- 
fects on microorganisms. First, its bio- 
chemistry and physiology has been re- 
ported in many publications (see review 
by Seaman, 55). Knowledge of the met- 
abolic processes of an organism are vital 
for definitive understanding of many 
radiation effects (e.g., Stapleton, °55). 
Second, cytological studies of T. pyri- 
~formis are practical (Ray, ’56); the hap- 
loid chromosome number is 5, and the 
chromosomes of the micronucleus may 
be studied in meiosis and mitosis. Thus 
nuclear and chromosomal consequences 
of ionization may be determined. Finally, 
since the breeding system of this species 
has been established (Elliott and Hayes, 
53; Gruchy, 55), genetic analyses are 


feasible (e.g., Nanney, Caughey and Te- 
fankjianeoo) 

This study is concerned with the lethal 
effects of x-irradiation on 4 clonal strains 
of T. pyriformis. DNA and RNA analyses 
were made on mass populations of each 
strain; in addition, mitotic disturbances 
after irradiation were examined cytologi- 
cally. It was established that strain dif- 
ferences in radiosensitivity occur in this 
species that cannot be correlated with 
either the ploidy of the micronucleus or 
the total DNA content of the cell. The 
meaning of this lack of correlation is dis- 
cussed in relation to interpretations of 
radiosensitivity differences in this species. 


METHODS 


Three of the 4 clonal strains of T. pyri- 
formis studied, EU 6000, EU 6001, EU 
6002 (Wells, 60) are members of variety 
6, mating types I, II, and II, respectively. 
The fourth, HS, is a micronucleate strain 
of unknown sexual capacity.” EU 6001 
is presently a micronuclear tetraploid; 
EU 6000 and EU 6002 are diploid (Ray, 
58). EU 6002 is an F; exconjugant prog- 
eny clone obtained by Gruchy (’55) from 
a cross between EU 6000 and EU 6001 
when the latter was diploid. Laboratory 
cultures of these clones were grown with- 
out aeration at 18°C in tubes of axenic 
peptone-tryptone medium (Elliott and 
Hayes, 53). Routine 48-hour transfers 


1Qperated by Union Carbide Corporation for 
the U. S. Atomic Energy Commission. 

2This strain was obtained from Dr. D. M. 
Prescott (see Prescott, °57) and was found to 
be micronucleate, contrary to other published 
reports (cf. Corliss *54). Subsequent investiga- 
tion has shown that micronucleate cultures des- 
ignated HS are not members of this strain, 
which is amicronucleate. A manuscript clarify- 
ing the situation has been submitted for pub- 
lication elsewhere. 
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of 1 ml of previous cultures were made 
throughout the investigation. 

Stationary - phase cultures (48 +2 
hours) were irradiated; under the condi- 
tions of growth used, less than 1% of 
each of these cultures was in division, 
and the occurrence of dead organisms 
resulting from food exhaustion was neg- 
ligible. The stationary cultures were there- 
fore more or less homogeneous popula- 
tions of interphase organisms, and 
variation attributable to mixed division 
stages is probably small. 

The x-ray source was a General Elec- 
tric Maxitron 250 operated at 250 kvp 
and 30 ma, with 3 mm of Al filtration 
added to give a half-value layer of 0.43 
mm of Cu. Before each run, the output 
of the machine was monitored with a 
Victoreen thimble chamber at a distance 
of 50 cm from target to source. The 
intensity at this point varied from 246 
to 268 r/minute. The factor to convert 
these monitor readings to the intensity 
at the position of the organisms was ob- 
tained by chemical dosimetry with the 
starch-iodine method for peroxide deter- 
mination (Savage, 51). The dose rate 
at the position of the organisms was cal- 
culated to be, on the average, 9.5 + 0.4 
kr/minute. There was no appreciable ele- 
vation of temperature during any radia- 
tion exposure. 

One milliliter (ca. 10° cells) of a cul- 
ture was irradiated in a 10-ml beaker 
retained by a lucite holder on top of the 
x-ray tube, which was inverted, directing 
the beam upward through the bottom of 
the holder and the beaker. Catalase (50 
ug/ml) was added before irradiation to 
avoid the effects of radiation-produced 
peroxides. Single samples of organisms 
were exposed to various total doses rang- 
ing from 47.5 to 332.5 kr. Several total 
doses (a separate sample for each dose) 
were always given on the same day; ir- 
radiation was repeated on different days 
to obtain large total numbers of isolates 
at various doses. 

Immediately after treatment, 50 single- 
cell isolations per strain per dose were 
made from irradiated and control (un- 
irradiated) populations. Each cell was 
isolated by micropipette with the aid of 
a dissecting microscope into a 50-mm 
petri dish containing 5 ml of broth to 
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which 1 mg/ml SRD antibiotic (a mix- 
ture of penicillin, streptomycin, and di- 
hydrostreptomycin) had been added to 
inhibit contamination. For simplicity, 
survival was measured as the ability of 
the single-cell isolates to form cultures 
visible to the unaided eye. Isolates that 
did not form visible cultures were ex- 
amined weekly until no living organisms 
could be found. If contamination oc- 
curred before termination of the experi- 
ment, the dish was discarded. At least 


| 


two random samples of survivors from each _ 


experimental and control group were 
transferred to test tubes of broth for ob- 
servation. 

In one experiment, estimates of the 
time of cell line death (in terms of gen- 
erations after irradiation) were based on 
observations of isolates of strains EU 6000 
and EU 6002 after exposure to 0, 95, 
142.5, and 190 kr. Routine examination 
of each isolate was made 5 days after 
irradiation, and the numbers of “late 
deaths” and “early deaths” occurring at 
this time were recorded. “Early deaths” 
were scored as those dishes containing 
no viable cells, and no more than 4 dis- 
cernible corpses. “Late deaths” were 
scored as those dishes containing no vi- 
able cells and more than 4 discernible 
bodies. Since all cells still alive at 5 days 
had divided at least twice, all cell lines 
dying after this time were classified as 
“late deaths.” Reexamination of late death 
cultures a week after classification showed 
that corpses disintegrate very slowly in 
axenic medium; certainly not enough dis- 
integration occurs by the fifth day after 
irradiation to bias the results severely. 
Therefore, the numbers of bodies found 
at 5 days is probably an adequate meas- 
ure of the number of animals that had 
been produced. 

Another experiment was designed to 
measure fission delay after irradiation in 
strains EU 6000 and EU 6002. After 
doses of 0, 95, 190, and 285 kr, 50 single- 
cell isolates per dose per strain were made 
into 10 depression-spot plates containing 
broth with 1 mg/ml antibiotic added. 
The total number of animals in each 
depression was counted 24 hours after 
isolation. The experiment was coded to 
prevent subjective factors from influenc- 
ing the results. 


_ation-induced abnormalities 


_meyer flasks, 


IRRADIATION OF T. PYRIFORMIS 


Preliminary cytological studies of radi- 
in mitotic 
micronuclei were made. Mass populations 
of EU 6000 and EU 6002, irradiated with 
190 kr, were kept in separate petri dishes 
in fresh medium plus the usual concen- 
tration of antibiotic. Twenty-four hours 
after irradiation, these organisms were 
washed by centrifugation in Dryl physio- 
logical salt solution (Dryl, ’59), fixed 
(Nissenbaum, ’53), and stained in Go- 
mori’ss hematoxylin (Melander and Wing- 
strand, 53). The cytology of the micro- 
nucleus was studied in comparison with 
control slides made under identical con- 
ditions. Slides of 71 cultures chosen at 
random from survivors of all strains at 
all doses were prepared as described, and 
examined for micronuclear abnormalities. 
The number of lines studied in this man- 
ner are as follows: O kr, 10; 47.5 kr, 9; 
Sopktetl: 142.5 kr,5; 190 kr, 8; 237.5 kr, 
Mee2oo kt 9:.and 332-5 kr, 8. 
Unirradiated cultures of all 4 strains 
were analyzed biochemically in a search 
for a possible basis for the observed differ- 
ences in radiation sensitivity. Forty-eight- 
hour stationary-phase cultures, grown in 
1000 ml of broth in 6000-ml Erlen- 
Were concentrated and 
washed in Dryl solution by centrifuga- 
tion. The final concentration of organ- 
isms was estimated by fixing an aliquot 
in osmium tetroxide and counting the 
cells in an appropriate dilution with the 
aid of a Sedgwick-Rafter counting cell 
(Hall, Johnson and Loefer, *35). Acid- 
soluble (6% trichloroacetic acid) ex- 
tracts of all strains were tested for acid- 
extractable -SH compounds by various 


209 
methods (Dische and Zil, 51; Khym, 
Shapira and Doherty, ’57). The total 


weight of the acid-insoluble fraction (pri- 
marily lipid, protein, and nucleic acid) 
was determined. DNA and RNA were 
extracted and separated by the method 
of Tyner, Heidelberger, and LePage (’53; 
see also Volkin and Cohn, ’54), and meas- 
ured in the Beckman spectrophotometer 
at 260 mu. Duplicate cultures of each 
strain were analyzed biochemically. 

A final experiment was designed to 
measure the catalase content of each of 
the EU strains. Washed cells were frag- 
mented by freezing and submitted to 
starch gel electrophoresis. The benzidine 
reaction was used to test some of the 
electrophoretic strips for catalase; other 
strips were stained with amido Schwarz 
10B to examine the protein patterns of 
each strain.° 


RESULTS 
Survival 


Survival data obtained in this study 
are summarized in table 1 and figure 1. 
All data obtained at each point on the 
survival curves were pooled; this is justi- 
fied since no statistically significant het- 
erogeneity within dose groups was found 
(lowest P = 0.10). 

Differences in radiosensitivity among the 
4 strains of T. pyriformis are demonstrated 
by the survival curves of the EU strains and 
by the single-dose experiment of strain HS. 
Salient features indicated by these data are 
(1) EU 6000 is about twice as radiore- 


3 Appreciation is expressed to Dr. R. A. Popp 
for the electrophoretic analysis. 


TABLE 1 
Survival data for four clonal strains of Tetrahymena pyriformis 


Xray EU 6000 EU 6001 ___ EU 6002 HS 
dose Ni % S2 N % S N % S N % S 
kr 
0 447 95.7 340 96.2 348 93.1 46 100.0 
47.5 100 92.0 100 ~=81.0 143 68.5 
95 248 89.5 199 55.3 184 53.8 
142.5 145 74.5 47 40.4 145 51.0 
190 208 70.3 49 90.4 490 Dino 
ova 226 26.1 100 9.0 198 Ge 
285 339 1.8 48 0.0 238 0.0 139 71.2 
332.5 96 0.0 49 0.0 99 0.0 


1 Total isolates minus contaminated isolates. 


2 Percentage survival. 
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Fig. 1 Survival curves of three EU strains, and 


285 kr dose experiment of strain HS. 


sistant as EU 6001 and EU 6002. A 
comparison of strains EU 6000 and 
EU 6002 at each point, by the chi-square 
method, shows that the difference is sig- 
nificant (highest P< 0.04). (2) EU 6001 
is significantly different from EU 6000 at 
the 95-kr point (P = 0.001), and not sig- 
nificantly different from EU 6002 at this 
point (P<0.77). Thus the survival of 
the micronuclear tetraploid (EU 6001) is 
the same as that of one diploid (EU 6002), 
and different from that of the other (EU 
6000). Limited data (see table 1) for 
the survival of EU 6001 at other dose 
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points indicate a general similarity be- 
tween this strain and EU 6002. (3) The 
survival of strain HS after 285 kr is sig- 
nificantly higher than that of the EU 
strains. 

Various concentrations of SRD anti- 
biotic used as postirradiation treatments 
affected the survival of these ciliates 


(table 2); with increasing concentration, | 


antibiotic decreases the yield of radiation 
survivors, but there is no evidence that 
this is a differential effect among strains. 
The concentration of 1 mg/ml used in 


this work did not decrease survival enough — 


to be of any significance for the interpre- _ 


tation of the results. 


Intermediate events 


The preceding section gives the results . 


only in terms of final survival. The events 
between irradiation and either death or 


survival are also noteworthy. Some of | 


the major questions are: When does 
death occur in relation to fissions after 
irradiation? At what time after irradia- 
tion do radiation-induced cell deaths 


cease? Does fission delay occur after | 


x-irradiation? What nuclear damage re- 
sults from radiation? 

Time of death. Two types of death 
are characteristic of T. pyriformis after 
irradiation. Frequencies of these two 
types for two strains are shown in table 3. 

One type of radiation-induced death 
(early death) is responsible for a large 
portion of the total death of EU 6002, 
but only for a small amount of that of 
EU 6000. Data from single-cell isolations 
to be presented in the next section sug- 
gest that most early deaths occurred af- 
ter at least one cell division. 


TABLE 2 


The effect of various concentrations of SRD antibiotic used as posttreatments on the 
survival of strains EU 6000 and EU 6002 after 0 and 190 kr 


EU 6000 EU 6002 
SRD Okr 190 kr Okr 190 kr 
N1 % S2 N %S N %S N %S 
mg/ml 

(@) 41 98 42 71 45 100 40 30 
1 50 96 49 69 50 92 50 26 
2, 50 92 50 60 50 94 50 22 
3 50 98 50 28 50 88 50 14 


1 Total isolates minus contaminated isolates. 
? Percentage survival in this particular experiment. 


IRRADIATION OF T. PYRIFORMIS ual 
TABLE 3 
Early death and late death of two clonal strains of T. pyriformis after various x-ray doses 
Xray EU 6000 EU 6002 
ose Early Late Late Survival Total Early Late Lat i 
: iS) 
death death;! death— ,? % 3 isolates death death; death. See bees 
kr 
0) 2 (0) 0) 98 100 2 0) 0) 
98 10 
95 0 2 12 88 98 28 0) 8 62 ae 
142.5 2 il 23 74 100 31 2 20 46 98 
190 6 3 26 65 100 42 4 28 26 100 


1 Observed 5 days after irradiation. 

2 Occurring later than 5 days after irradiation. 
3In this particular experiment. 

4Minus contaminated isolates. 


Late death accounts for almost all of 
the death of strain EU 6000 but for only 
a portion of that of strain EU 6002. It 
is notable that most late death cultures, 
of both strains and after all doses, con- 
tained many more than 4 bodies, in fact 
usually enough to account for at least 8 
generations (often more than 256 cells). 
Only a minor portion of the ultimate total 
late death had occurred at 5 days. Since 
many cell lines were capable of numerous 
divisions before death, T. pyriformis is 
different from some other ciliates (Kim- 
Dalle-57 )- that do not divide before death. 

No systematic survey of this type was 
made on strain EU 6001 or on strain HS. 
However, a few observations of dead cul- 
tures of HS, after 285 kr, indicate that 
at least 8 fissions had occurred before 
some cell lines died. 

The time required for the formation of 
visible cultures from single-cell isolates 
may also be mentioned. Control isolates 
established such cultures in 5 days (20-— 
30 fissions) after isolation. Irradiated 
isolates were variable; some cultures were 
macroscopically visible as soon as con- 
trols, a few required as long as 20 days 
to become so. This variation was found 
among isolates of a single dose as well 
_as among those of different doses. Never- 

theless, the higher-dose groups took longer, 
on the average, to become established. 
The trend was toward a correlation be- 
tween the final percentage survival and 
the time for establishment of visible 
clones, not between this time and _ total 
dose. A striking example is seen by com- 
paring strains HS and EU 6000 after 
985 kr. Practically all the survivors 


(71% ) of HS were countable before the 
few survivors (1.8% ) of EU 6000. 

Once the single-cell isolates had divided 
enough times to become visible to the 
unaided eye, the line of descent did not 
die. Random samples of surviving cul- 
tures of each strain, and at each dose, 
have grown well in test tube culture for 
many months. With one exception, these 
cultures and the unirradiated controls 
have not differed in density of population 
produced per unit of inoculum. One 
clone of EU 6000 surviving 285 kr has 
failed to grow as well as controls for 
several months, but there is no indication 
that the line will be lost. 

Fission delay. A third measure of 
events between irradiation and termina- 
tion of the experiment is the fission de- 
lay during the first 24 hours (table 4). 
Division delay was significant after doses 
of 190 and 285 kr in both EU 6000 and 
EU 6002. The data for EU 6000 suggest 
a threshold for fission delay of at least 
95 kr, followed by a gradual increase in 
rate of generation time with progressively 
higher doses. In EU 6002, the drop was 
more precipitous, to about 1.5 fissions af- 
ter 190 kr, with no further delay with 
dose. Thus, by this as well as other cri- 
teria, EU 6002 is more sensitive to radia- 
tion. 

The fission delay experiments also 
showed that little death occurs during the 
first 24 hours, even after doses that ulti- 
mately cause a high percentage of death. 
It is clear that most lines that eventually 
die undergo at least one division, often 
more; this is substantiated by the obser- 
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TABLE 4 
Frequency distribution and average number of generations of 50 isolates per dose of two 
clonal strains of T. pyriformis 24 hours after irradiation with various doses 
No. of generations at 24 hours Average 
Xray Di generations 
dose (0) 1 2 3 4 5 per day 
vs EU 6000 
1 5 1 il 3 om 8 3.59 
os 7) 83 (0) 1 16 26 2 3.42 
190 &) 4 3 8 23 6 1 2.60 
285 1 8 6 Bail 5 3 10) 1.78 
EU 6002 
0) (6) i il 9 ie) er 3 3.30 
95 il 6 0) 0 6 30 7 Seas) 
190 3 14 15 10 8 (0) 0 25 
285 2 5 13 aT o 0) (6) 1.58 


1 Number of depressions in which no animals were found. 


vations in petri dish cultures 5 days after 
irradiation. 

Nuclear damage. Although cytological 
studies of radiation-induced nuclear ab- 
normalities are preliminary, several points 
may be made. Each of the 71 clones that 
survived various doses was micronucleate. 
This representative sample of all the sur- 
vivors scored throughout the investiga- 
tion included members of every strain at 
each dose. In many cases, the micronu- 
cleus of survivors appeared less compact 
than that of controls, but the functional 
ability of the irradiated micronuclei 
seemed to be unimpaired, i.e., mitotic 
figures during fission were no different 
from those of controls, no aberrations 
were observed, and spindles were not dis- 
oriented. No macronuclear damage was 
observable. 

On the other hand, examination of 
mass cultures of EU 6000 and EU 6002 
24 hours after 190 kr of radiation dem- 
onstrated the presence of micronuclear 
abnormalities in many members of the 
population. In general, micronuclei of 
EU 6002 were more severely damaged 
than those of EU 6000, a correlation with 
their different radiosensitivities. Many 
micronuclei in both strains were dis- 
oriented to such an extent that one sister 
product of fission was rendered amicro- 
nucleate (fig. 2). Amicronucleate organ- 
isms were commonly found on slide prep- 
arations of experimental organisms, more 
frequently in EU 6002. No obvious mor- 


phological damage to the macronucleus 
was observed. 


Biochemical studies of 
control populations 


Finally, certain biochemical analyses 
of these 4 strains have been made; the 
results are tabulated in table 5. The 
weights of the acid-insoluble fractions of 
each strain indicate that strain HS is 
smaller than the EU strains. This is sup- 
ported by visual observations made by 
D. M. Prescott on the cell sizes of these 
same strains (personal communication ). 

Nucleic acids. Strain HS, the most re- 
sistant to radiation of all 4 strains ex- 
amined, has significantly less DNA per 
cell than the EU strains. The RNA per 
cell of all strains is equivalent; the slight 
discrepancy among strains with respect 
to total units of RNA per 10’ cells (or per 
weight) is within the limits of error of 
the method used (E. Volkin, personal 
communication). The predominance of 
RNA in the total nucleic acid fraction is 
consistent with findings in other strains 
of T. pyriformis (Heinrich et al., ’52; 
Flavin and Engelman, °53; Scherbaum, 
57) 

Acid-soluble sulfhydryl. No free sulf- 
hydryl was found in the acid-soluble frac- 
tion of any of the strains, although, un- 
der the conditions of the experiment, 
levels as low as 6.7 X 107" mole of S/cell 
could have been detected. The meaning 
of this finding is obscure at present. 

Electrophoretic patterns. The catalase 
content of each of the EU strains is equiv- 
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Fig. 2 Mitosis in control and irradiated cells of Tetrahymena pyriformis. A, an unir- 
radiated cell in telophase; B, a similar division stage (note macronucleus) in a cell 24 hours 
after 190 kr. The micronucleus of this cell is disorganized and arrested in a division-like 
stage so that the right hand sister product of this fission has no micronucleus. ma, macro- 


nucleus; mi, micronucleus; a, artifact. x 1600. 
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TABLE 5 
Biochemical data obtained for all 4 clonal strains studied in this investigation 
(Units of nucleic acid calculated from Beckman spectrophotometer readings at 260 mu) 
pEe ENA Acid-insol. 
Strai : . Units /107 Units/g raction, 
4 ale ees aie ofave g/10" celis 
EU 600 41 14.5 104.7 362.0 0.289 
ee 8 13.8 103.5 369.6 0.280 
001 4.5 PSone 96.8 336.1 0.288 
rise 4.1 14.4 99.2 348.8 0.284 
6002 3.9 14.4 97.0 354.4 0.274 
nh 3.9 14.0 97.8 349.2 0.280 
HS 2.0 8.4 99.8 390.0 0.238 
el 8.2 100.9 387.7 0.256 


1 Acid-insoluble fraction. 


alent, i.e., no differences in intensity of 
the stained catalase band were apparent 
among strains. When the electrophoretic 
strips were stained with the protein dye, 
amido Schwarz 10B, 13 bands per strain 
were observed. Only one _ difference 
among strains was indicated. This was 
a quantitative difference, shown by the 
various staining intensities of a single 
negatively charged protein band. EU 
6002 seemed to contain the greatest 
amount of this protein, EU 6001 the least 
amount, and EU 6000 an intermediate 
amount. There is no apparent correla- 
tion between the amount of this unknown 
protein and the radiosensitivities of the 
EU strains. 


DISCUSSION 


The differences in sensitivity among the 
clonal strains of T. pyriformis allow some 
distinction among various possible mech- 
anisms of radiation killing. Briefly, dif- 
ferences in sensitivity can arise from 
differences in target multiplicity, target 
size, amount of protection against initial 
injury, or amount of restoration of this 
injury (see discussions in Gray, ’54; 
Laterjet, 54; Laterjet and Gray, 54; Hol- 
laender, 54; Lea, 55). The combined 
biochemical, cytological, and_ survival 
data reported in this paper, though not 
leading to a final choice of mechanism, 
do allow the exclusion of a number of 
hypotheses that otherwise might have ap- 
peared probable. 

The death of a cell after irradiation 
may depend on the inactivation of more 


than one target within the cell; therefore, 
radiosensitivity differences among cell 
populations may be attributable to differ- 
ences in target multiplicity. These sensi- 
tive units may be located in the cytoplasm 
or in the nucleus of the cell, and, in the 
case of the ciliates, in the micro- or macro- 
nucleus. Since much of the present data 
have direct bearing on the postulated ex- 
istence of targets of different multiplici- 
ties in different strains, a careful con- 
sideration of the results in relation to 
each of the possible locations of sensitive 
multiple targets is desirable. 


The micronucleus 


In the first place, it is conceivable that 
radiosensitivity differences may be corre- 
lated with multiplicity differences in the 
micronucleus. If this multiplicity is syn- 
onymous with the ploidy of the micro- 
nucleus, however, the results do not 
support this interpretation. Among the 
EU strains, two are micronuclear diploids 
and one is a micronuclear tetraploid. On 
the above hypothesis, the tetraploid 
should be more radioresistant than the 
diploids (see, however, Mortimer, °58). 
This is not the case. One diploid, EU 
6000, is significantly more radioresistant 
than the tetraploid, EU 6001; further- 
more, the other diploid, EU 6002, is less 
resistant than EU 6000, and is no dif- 
ferent in radiosensitivity from the tetra- 
ploid. These points are in no way com- 
patible with the hypothesis that radio- 
sensitivity and genome multiplicity are 
correlated. Evidence is also available 
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showing that resistance to ionizing radia- 
tion does not increase with micronuclear 
number. The ciliate Spathidium spathula 
is multimicronucleate, yet it is extremely 
radiosensitive (Williams, 58). We can 
only conclude that something unrelated 
to either the multiplicity of the micro- 
nuclear genome or the number of micro- 
nuclei in the cell is responsible for dif- 
ferences in radiosensitivity. 

Although micronuclear multiplicity, 
within the terms of reference just dis- 
cussed, cannot be the primary cause of 
different radiosensitivities, the cytological 
studies of irradiated nuclei show a cCor- 
relation between micronuclear damage 
and postirradiation lethality, viz., strain 
EU 6002, more radiosensitive than EU 
6000, also suffered greater amounts of 
micronuclear disorganization after 190 kr 
than did the latter strain. This difference 
is not related to the micronuclear ploidy 
of these strains, since they are both di- 
ploid. The micronuclear disorganization 
experienced in greater or lesser quantity 
by these strains had the following char- 
acteristics. In general, the damaged 
micronuclei lost the typical compactness 
of the unirradiated micronucleus (fig. 
2A), the spindle was often disoriented, 
and the nucleus failed to divide in many 
cells (fig. 2B). Only one anaphase bridge 
and little evidence of fragmentation was 
observed. As a result of the disorienta- 
tion of the spindle, and of the failure of 
the nucleus to divide, many sister prod- 
ucts of fission were amicronucleate; this 
condition was more prevalent in EU 6002 
than in EU 6000. 

Can this difference in amount of micro- 
nuclear damage account for the difference 
in viability or is it only another symptom 
of some more basic damage? The obser- 
vations on surviving clones of each strain 
and after every dose show that none of 
the survivors are amicronucleate. Thus 
~the production of amicronucleates is reg- 
ularly associated with death, if not itself 
the cause of death. A similar finding has 
been reported by Nanney (59) for spon- 
taneous inviability in T. pyriformis. On 
the other hand, viable amicronucleate 
clones of this species have been isolated 
from nature many times (Corliss, 54), 
and viable amicronucleates have been ob- 
tained for both T. pyriformis (Speidel 
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and Holz, 59) and Paramecium multi- 
micronucleatum (Wichterman, °59) after 
massive irradiation. It therefore seems 
possible that both spontaneous and radia- 
tion-induced loss of micronuclei are sec- 
ondary consequences of some damage 
that is also lethal to the line. Precedent 
for this interpretation is found in reports 
of micronuclear abnormalities associated 
with aging in P. aurelia (Sonneborn and 
Schneller, 55; Dippell, 55). 

It is important to bear in mind that, 
although the micronuclei of some irradi- 
ated cells were definitely damaged, many 
cells contained little or no micronuclear 
injury. These undamaged nuclei were 
found not only on slides of mass popula- 
tions taken 24 hours after irradiation but 
also on preparations of surviving lines. 
In fact, each of the 71 survivors examined 
was characterized by cells containing nu- 
clei no different from those of unirradi- 
ated controls, except for an occasional 
slight loss of typical micronuclear com- 
pactness. It is remarkable that so little 
damage is done to ciliate micronuclei by 
such high doses of radiation. There is 
also genetic evidence that major chromo- 
some aberrations are infrequent or lack- 
ing at lower doses, which produce many 
recessive lethals in P. aurelia (Kimball, 
Gaither and Wilson, 57). All of the evi- 
dence strongly suggests that the ciliate 
micronucleus is very efficiently protected 
against damage leading to chromosome 
aberrations, because restitutional reunion 
is extremely frequent or for other reasons. 
The foregoing findings support the con- 
clusion that the micronuclear damage ob- 
served is not primary, i.e., it is not caused 
by the production of classical chromosome 
aberrations nor is it correlated with the 
ploidy of the micronucleus. 


The macronucleus 


It is conceivable that the large macro- 
nucleus of ciliates is the main target of 
radiation (see discussions by Giese, a8 
Brandt and Giese, 56; Powers and Ehret, 
56: Kimball, 57). The great quantity 
of DNA in the macronucleus (relative to 
the DNA of the micronucleus), whether 
or not organized as a large number of 
sensitive subunits (see Allen and Nanney, 
58) could necessitate the production of 
many hits within it to bring about inactl- 
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vation of the cell. Organisms with such 
a structure would be very radioresistant. 
Ciliates are in general resistant, as ex- 
pected from this point of view, but evi- 
dence from the present and other studies 
show that, like micronuclear multiplicity, 
macronuclear multiplicity and macronu- 
clear size are improbable bases for inter- 
pretation of variation in radiosensitivity 
among the ciliates. 

In the first place, the total DNA deter- 
minations of the various strains of T. pyri- 
formis have shown that strain HS, more 
resistant than the EU strains, has only 
half as much total DNA. Second, the 
differences in radiosensitivity within the 
EU group are not correlated with differ- 
ences in total DNA content of these 
strains, since, in this case, no DNA dif- 
ferences at all were found. In relation 
to the target size theory, it may be fur- 
ther pointed out that the very sensitive 
species, S. spathula, (Williams, 58) has 
a macronucleus of about the same size 
relative to total cell volume as the macro- 
nucleus of more resistant species. 

It is tempting to try to analyze radia- 
tion-induced death on the basis of the 
theory of macronuclear subunits (Allen 
and Nanney, 758; Schensted, ’58). De- 
layed death could result from the segre- 
gation, through fission, of aberrant sub- 
units that, while all contained within the 
same macronucleus, could complement 
each other in some way and allow tem- 
porary survival of cells (Kimball and 
Householder, 54; Bridgman and Kimball, 
54; Nanney, 59). Segregation of repli- 
cated units would, in some cases, result 
in homozygosity of lethal units and de- 
layed death. In other cases, however, the 
stabilization of macronuclei should result 
in the formation of viable cell lines, homo- 
zygous for undamaged subunits. The re- 
sult of this would be a relatively long 
delay before final death, and, unless some 
threshold phenomenon were involved, the 
hypothesis would also predict a more or 
less continuous distribution in time of the 
appearance of visible (thus viable) cul- 
tures. Although most survivors fall into 
such a continuous distribution, an appre- 
ciable minority are much more delayed 
than the rest, suggesting that the hypoth- 
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esis is not acceptable without modifica- 
tion. 

The results obtained for strain HS are 
also not in agreement with the hypothesis 
of multiple macronuclear units. It is log- 
ical to assume that strain HS has fewer 
subunits than the EU strains, since it 
has less DNA. Thus HS should not only 
be more sensitive to radiation, having 
fewer multiple targets to inactivate, but 
it should also experience late death earlier, 
in number of generations, than the EU 
strains. Preliminary observations show 
that this is not the case; enough bodies 
to account for at least 8 generations have 
been recorded in a few 5-day-old isolates 
of strain HS after 285 kr. 

Finally, the segregation of multiple 
subunits does not allow for the early 
death that is characteristic of strain EU 
6002, even at relatively low doses. It may 
also be pointed out that the hypothesis 
is not applicable to other ciliates in rela- 
tion to radiation death. Delayed death, 
a necessary corollary to macronuclear 
multiplicity, is not found in P. aurelia 
after x-irradiation (Kimball, Geckler and 
Gaither, 52). In similar studies with an 
amicronucleate strain of Tillina magna, 
Bridgman and Kimball (754) report that 
cells that die have depressed fission rates 
in the first few days after irradiation; 
those that survive are depressed less. 
This connection between early effects and 
late death is difficult or impossible to ex- 
plain on a macronuclear segregation hy- 
pothesis, as the authors observe. 


The cytoplasm 


Assuming, then, that the multiplicity, or 
size, of the nuclei cannot account for the 
observed lethal effects of ionizing radia- 
tion, we are left with the possibilities that 
the multiplicity, or size, of some cytoplas- 
mic target is the mechanism site, or that 
protection or repair mechanisms are oper- 
ative. Although a cytoplasmic basis for 
certain vegetative effects of x-rays has been 
suggested by Powers (’55), and Powers and 
Ehret (756) for Paramecium, little evi- 
dence from the present studies has direct 
bearing. It may be indicated in passing 
that members of strain HS seem to be 
smaller than those of the EU strains, thus 
these organisms should be more sensitive 
than larger cells, on a cytoplasmic multi- 
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ple target basis. The observation that HS 
is more resistant does not exclude other 
- possible cytoplasmic interpretations of kill- 
ing, however. 


Other interpretations 


Stimulated by the findings that -SH 
compounds act as protective agents against 
radiation damage in certain systems (see 
Hollaender, *56), efforts were made to 
measure the free -SH content of the various 
strains under investigation. The failure 
to detect such compounds in acid-soluble 
extracts cannot exclude the possibility that 
protective agents may be operating in this 
system, affording greater protection to the 
more resistant strains. The protective ca- 
pacity of catalase in destroying radiation- 
produced peroxides (Adler, 58) does not 
account for the differences among EU 
strains, since electrophoresis revealed no 
differences in catalase content among 
them and since supplementary catalase 
was added to all samples before irradiation. 

In addition, the protein patterns ob- 
tained after electrophoresis showed no dif- 
ferences among the EU strains that can be 
correlated with radiosensitivity. One pro- 
tein band was quantitatively different for 
each EU strain, but the radioresistant 
strain, EU 6000, was intermediate between 
the radiosensitive strains EU 6001 and EU 
6002 in this respect. Therefore, this pro- 
tein difference cannot represent any pro- 
tective substance. 

Repair mechanisms also afford possible 
explanations for the observed differences 
in radiosensitivity. The therapeutic action 
of unirradiated cytoplasmic fractions on 
irradiated Pelomyxa (Daniels, °58) sug- 
gests that repair of the damaged cell may 
be brought about by particles within the 
cytoplasm itself, if these particles are not 
irrevocably inactivated. Although the hy- 
pothesis of a repair mechanism as an 
interpretation of radiation lethality in the 
ciliates must await experimental substan- 
tiation before it can be discussed meaning- 
fully, such an interpretation is a possible 
way by which the variable results obtained 
among ciliate species could be unified. 

In closing, it should be pointed out that 
many of the results of the present in- 
vestigation closely resemble the “cellular 
accidents” that Nanney (’59) described in 
T. pyriformis. He observed the spontane- 


ous origin of nonviable and otherwise aber- 
rant cell lines. These cell lines occurred 
with different frequencies in different 
clones. Radiation might be assumed to 
increase the frequency of such “accidents,” 
but since the nature of neither the spontan- 
eous nor the radiation-induced “accidents” 
is known the idea is not very helpful. The 
present work, together with other studies, 
serves, however, to delimit the possibilities, 
and thus brings us closer to a true under- 
standing of this form of radiation damage. 


SUMMARY 


1. Four clonal strains, HS, EU 6000, EU 
6001, and EU 6002, of T. pyriformis were 
exposed to x-ray doses ranging from 48 to 
333 kr. After irradiation, single cell iso- 
lations were made. Survival was measured 
as the ability of these single cell isolates 
to form macroscopically visible colonies. 
By this technique, it was found that some 
of these strains are more radioresistant 
than others. 

2. Certain events between treatment 
and termination of the experiment (either 
by death or survival of the cell lines) were 
studied. Death may occur in some Cases 
during the first two generations, and in 
other cases after the cells have divided 
many times. The proportions of these two 
types of death are different for strains of 
different radiosensitivities. Fission delay 
during the first 24 hours after irradiation 
increased with increasing dose. Strains of 
different radiosensitivities, as measured by 
survival, were also different with respect 
to radiation-induced fission delay. 

3. Cytological studies of irradiated cells 
show certain micronuclear abnormalities 
not observed in controls. The production 
of these abnormalities, more frequent in 
EU 6002 than in EU 6000, often leads to 
amicronucleate sister products of fission. 

4. All 4 strains were analyzed biochem- 
ically. The most radioresistant strain, HS, 
had only half as much total DNA per cell 
as the more radiosensitive EU strains. The 
RNA content was equivalent. 

5. Certain interpretations of radiation 
sensitivity differences are excluded by the 
data. The radiosensitivity of the strain is 
not correlated with the ploidy of the micro- 
nucleus. Also, no correlation can be made 
with the total DNA content of the strains. 
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These and other points are discussed show- 
ing that interpretations based on differ- 
ences in target multiplicity are not com- 
patible with the results. It is suggested 
that radiosensitivity differences are related 
to differences in ability of the strains either 
to protect against radiation damage or to 
repair damage that has been done. A 
choice between these interpretations is not 
allowed by the present data. 
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